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Abstract—The article presents the results of adaptation and application of two-dimensional hydrodynamic
model STREAM_2D to reproduce the characteristics of ice-jam-induced f loods in the vicinity of the city of
Velikiy Ustyug (the Northern Dvina river basin, Vologda region, Russia). The additional hydraulic resistance
due to ice roughness and the decrease in the f low cross-section area due to ice-caused congestion were taken
into account for modeling of ice-jam-induced water level variations. The corresponding model parameters
were estimated on the basis of numerical experiments and f lood modeling for the period from 1980 to 2016,
which includes more than 18 significant cases of ice-jamming. Grouping of model parameters by the height
of the ice-jam-induced water level rises could be useful for the application of the developed model in the
framework of an intelligent information system of river f lood monitoring.
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INTRODUCTION
The development of intelligent information sys-

tems for monitoring hydrological phenomena is one of
the most relevant and promising directions for
enhancing both the possibility of f lood forecasting,
and the awareness of the population allowing the pre-
vention of devastating losses of human lives. Increas-
ingly, mathematical models that are configured to use
operational data of hydrometeorological observations,
such as Mike Flood Watch [30], Delft FEWS–Flood
Early Warning Systems [19], are used as the computa-
tional core of such systems. The systems such as Flood
Early Warning Systems, European Flood Awareness
System (EFAS) [29] cover large regions, often con-
taining a number of states. Similar systems being
developed in Russia are more local and focused on
solving specific practical problems, such as monitor-
ing and predicting of rain f loods in Far East region
[13], the propagation of f lood waves along large rivers
[14], or forecasting water inflow into reservoirs [27].
This situation is due both to the lack of a united gov-
ernmental support for the automation of hydrometeo-
rological monitoring, and to the great variety of natu-
ral conditions in Russia, which require the adaptation
of all methods for a specific task. One of these difficult

regional problems, particularly important for the
Northern regions, is the monitoring of snowmelt
floods complicated by ice-jam events. The determina-
tion and prediction of the characteristics of ice-jam
floods using complex statistical methods and model-
ing are challenging because of the lack of observation
data and the complex nature of ice-jam flood phe-
nomena [10, 23, 28].

This paper presents the research results related to the
development of an intelligent system for monitoring and
assessing the state of natural systems (PROSTOR) [4,
31]. The vicinities of the city of Velikiy Ustyug, located at
the junction of the Sukhona and Yug rivers, giving the
origin to the Northern Dvina River (being called there
‘the Small Northern Dvina’), were chosen as the key area
for testing this system (Fig. 1). The vast valleys of these
rivers are among the most vulnerable places in Russia to
spring snow-melt floods, and ice-jams often induce
inundation of lowlands at the city of Velikiy Ustyug and
nearby settlements [3]. The monitoring sub-system of
PROSTOR allows on-line collecting hydrometeorologi-
cal data just from the automatic gauges and acquiring
actual satellite images. The computational core of
PROSTOR is the two-dimensional hydrodynamic
model STREAM_2D [9] and its newer version
387
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Fig. 1. Study area.
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STREAM_2D_CUDA [6] based on the numerical solu-
tion of shallow-water equations with discontinuous bot-
tom [7]. The forecasting capabilities of the system are
secured by the prediction of water levels at the gauging
stations located upstream from Velikiy Ustyug either bas-
ing on neural networks, or by means of linking with the
runoff formation model ECOMAG [27] and using prog-
nostic meteorological information [16]. All results of the
system implementation, including the results of flooded
zones calculations, flow parameters there, as well as sat-
ellite images are available via the geoportal. The techno-
logical details of the developed system are set out in a
number of papers [4, 31, 32].

The current research is aimed at solving the prob-
lem of reproducing the f looding characteristics during
ice-jam periods by means of the hydrodynamic mod-
eling technology based on the integration of the entire
available operational information domains. Unfortu-
nately, a number of complex theoretical models of
freeze-up and breakup periods, the formation and
release of ice-jams [18] are difficult to adapt for prac-
tical implementation, because they require setting too
many parameters, which are difficult to determine
online. Therefore, in our research the preference was
given to the development of a simplified module of
ice-jamming and related phenomena (“ice module”)
to be integrated into a hydrodynamic model. This
module allows taking into account two main issues of
the ice effect: (1) the additional hydraulic resistance
due to ice roughness, and (2) a decrease in the f low
cross-section area due to ice thickness. A similar
approach is implemented, for example, in the one-
dimensional models HEC-RAS [17] and is developing
in some two-dimensional models [12]. However, the
use of one-dimensional models, such as HEC-RAS,
RIVER-ICE [26], in the case of wide f loodplains,
having very complex configuration, is believed to be
not appropriate.

Testing the proposed approach was carried out on
the basis of the simulation of long-term series based on
the f lood observations at Velikiy Ustyug gauge for
37 years (from 1980 to 2016), of which more than 18
years were distinguished by significant ice-jams during
the spring breakup period.

The paper has the following structure: Section 1
describes the study area; Section 2 presents the math-
ematical model and the data used; Section 3 is devoted
to the assessment of ice-jam-induced water levels and
parameters for their reproduction; Section 4 contains
the results of f lood simulations for the historical
observation period; and in Section 5 an agenda for
introducing the proposed approach into the developed
monitoring system is discussed.

THE STUDY AREA
The city of Velikiy Ustyug with a population of

about 30 thousand is situated in the northern Euro-
pean Russia at the confluence of the Sukhona and the
Yug rivers, where the Northern Dvina originates from
their junction (Fig. 1). It is an ancient Russian city
founded in the 13th century. Nowadays the urban
WATER RESOURCES  Vol. 47  No. 3  2020
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areas have spread from terraces to river f loodplains,
which, together with the location of the city at the
junction of large rivers and the high frequency of ice-
jamming, predetermines a high danger of f looding.
The main causes of the ice-jamming here are almost
simultaneous ice breakup over a long reach of the Suk-
hona river due to its sub-latitudinal orientation and
the morphological pattern of the river confluence.
There is a sharp bend of the river channel at the area of
Velikiy Ustyug and a vast shallow river section
abounding with huge sandbars downstream of the
junction. One more place of ice-jamming is located in
the Small Northern Dvina channel several kilometers
downstream near Krasavino settlement.

The f loods here are of complex genesis due to snow
melting and ice-jams. Ice-jams may cause more than
2–3-m additional elevation in water level, usually ice-
jams lasting here from one to five days. The last large
floods were observed in 1998, 2013, and 2016 years,
and more than half of the city and nearby territories
were inundated during these events [1, 2].

Significant efforts are made and considerable
material resources are spent in the region every year to
prevent ice-jam formation, among them, ice cutting,
explosions (including bombing) in the most ice-jam-
prone zones, but they could not completely prevent
most powerful ice-jams. The region under consider-
ation has been actively studied by hydrologists for the
development of measures to reduce f looding hazard
[3, 21]. Hydrodynamic modeling was applied to esti-
mate the possible effects of protective levees [1]. The
construction of embankment around the city has now
begun, but even with this protection, many small set-
tlements on the f loodplains will remain in the f lood-
ing zone.

DATA AND METHODS

Model Description

STREAM_2D program complex [9] and its newer
modification STREAM_2D CUDA [6], which is
based on the numerical solution of two-dimensional
Saint-Venant equations, was used for the simulations.

When hydrodynamic models are applied for the
period of spring ice cover destruction, ice drift, and
the formation of ice-jams, it is necessary to take into
account the additional circumstances related to ice
movement: the location of usual ice-jams; the maxi-
mum length of jam reaches, the roughness factor of ice
in jams, a decrease in the f low cross-section area due
to filling of the channel with ice; the time of beginning
of the ice-jam formation and the duration of its
destruction. These factors can be taken into account in
the framework of the shallow-water approximation by
the following modification of the two-dimensional
Saint-Venant equations:
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(1)

where  and t are the Cartesian coordinates and

time; , , and  are depth-

averaged fluid velocity components and the f low

depth, respectively; , where  denotes

the bed level;  and  represent water and ice density,

 is ice thickness; vectors ( ) and ( ) describe
the action of the bed and ice surface shear stresses,
respectively;  is the gravitational acceleration.

The derivation of this system from the Navier–
Stokes equations is carried out similarly to the deriva-
tion of the classical shallow-water equations (ice is
considered to be in a f loating state; the elastic proper-
ties of ice are not taken into account). The bed and ice
surface shear stresses can be expressed using the well-
known empirical Manning formula with different

roughness coefficients (  for bottom and  for ice):

(2)

Thus, the hydrodynamics of such flows can be sim-
ulated by solving the classical shallow-water equations
by their minor modifications. Firstly, the actual bot-
tom level should be elevated due to the presence of the
ice cover. Secondly, the additional term describing the
friction on the water and ice contact surface should be
taken into account.

The described model was incorporated into
STREAM_2D software, which also allows calcula-
tions of sediment transport and riverbed deformations.
To start modeling ice-covered rivers using
STREAM_2D it is necessary to input the ice density
value additionally to the routine dataset and to prepare
special files containing the distribution of ice thick-
ness and roughness coefficient over the modeled area
for the entire period of simulation. This is necessary
for taking into account the non-stationarity of ice cov-
erage of the water surface, the thickness and roughness
of ice. Ice roughness factor should be established by
means of model calibration through comparing calcu-
lated and observed water levels in control points
during periods of ice-jam formation and break up.
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Data Used
The part of the Northern Dvina valley from Velikiy

Ustyug to Kotlas city, including the confluence of the
Sukhona and Yug rivers, with a total length of about
90 km, is included in the modeling area. Detailed
information about the f loodplain and riverbed topog-
raphy was used for model setup. Maps at scales of
1 : 25000 and 1 : 10000 were digitized for the f lood-
plains. Data of the riverbed relief were obtained from
detailed field surveys organized by the Lab of Soil Ero-
sion and River Channel Processes of the Geography
Faculty of Lomonosov Moscow State University.
Data of measured f low velocities and water surface
slopes obtained during the field campaigns were
implemented for model calibration and verification as
a first step.

The discretization of the modelling area in
STREAM_2D consists of an irregular hybrid compu-
tational mesh with a spatial resolution from about 40 ×
40 m for the river channels, from 40 to 300 m for the
floodplains depending on the available topographic
information. The computational domain contains
more than 50000 cells.

The data from the gauges of the river Sukhona–

Kalikino (the basin area is 49200 km2) and the river

Yug–Gavrino (the basin area is 34800 km2) are used
to setup the daily water discharges at the upper bound-
ary of the model. The gauge Gavrino on the river Yug
was closed in 1989, and for the later period we have to
use the data of gauges from the upper reaches of the
river Yug basin (Yug river–Podosinovets and its tribu-
tary Luza–gauge Krasavino). Water levels for the
gauges located in the city Velikiy Ustug were used as
control point for model calibration and validation. A
map of typical places of ice-jam formation was com-
piled on the basis of the historical data and satellite
images, the dates of the ice-jams formation were taken
according to the hydrological gauges data. The satel-
lite images were also used for additional validation of
the model through comparison of the observed
and modelled f looded zones for outstanding f lood
events [31].

In this research, a model calibrated and validated
during our previous researches [1, 31] was used for
establishing ice-jam module parameters, appropriate
for the modeling on the base of long-term period data
of the hydrological observation from the 1980 to 2016.

ASSESSMENT OF ICE-JAM-INDUCED WATER 
LEVEL RISES AND THE RANGE OF MODEL 

PARAMETERS FOR THEIR SIMULATION

The theoretical background for the identification
of water level rises induced by ice-jams from the total
growth of water surface elevation throughout spring
snowmelt f lood is represented by the concept of water
levels genetic components, developed by N.I. Alek-
seevsky and his colleagues [3, 5]. The key point of this
concept is so-called ‘genetic water level equation’
reflecting the fact that the total f lood water level
mark H can be expressed as a sum of main constitu-
ents, determined from river runoff (“runoff level”
HQ), induced by ice jams (“ice-jam level” ΔHij), or

backwater effect of tributaries (“back-water level”
ΔHbw):

(3)

As well, equation (3) can include some compo-
nents appearing as a result of f luvial processes or man-
made activities. For the river mouths components,
concerning water level rising due to tidal waves, wind
surges also can be important, but they are not relevant
for the study area.

Estimates of the water levels genetic components at
the city of Velikiy Ustyug based on hydrodynamic
modeling [24] has revealed that the essential compo-
nent of maximum water level rises is the runoff-deter-
mined water level, for example 1%-occurrence water
discharges can pass with water level up to 787 cm
(57.21 m above sea level) above gauge zero (49.34 m
a.s.l.). Significant contribution to the additional
increase in water level just near the city of Velikiy Ust-
yug can be linked with ice-jams. They always form
only during the growth of the Sukhona runoff and
never persist to the peak f low. The maximum water
levels during ice-jams formation can be higher than
900 cm above the zero level of the Velikiy Ustug gauge.
The water levels, close to the historical maximum were
observed in 1998 and 2016 (mean daily levels were
933 cm and 916 cm above gauge zero level, respec-
tively), and were connected with ice-jam formation
and input runoff of the Sukhona river higher than the
average values during ice-jamming period.

The backwater effect from the Yug river is relatively
small in terms of additional water level rise (0.5–
0.8 m) at the Sukhona runoff maximum, but can
increase significantly (more than 1 m) after passing
through the peak (Fig. 2). The common features of
temporal changes in water level components through-
out the snowmelt f loods for this area is similar from
year to year.

Simulations of the outstanding f loods of 1998 and
2016 have demonstrated that by means of the incorpo-
ration of the ice module considering the additional
parameters such as ice roughness and thickness into
the hydrodynamic model, it is possible to reproduce
the temporal variations of the levels during the ice-jam
period with a high accuracy [24]. The scenario calcu-
lations with switched on/off ice module allow evaluat-
ing ice-jam-induced water level rising ΔHij; if we

decrease the inflow from the Yug river, we can, by the
same scenario approach, estimate the water level rise
ΔHbw, induced by backwater phenomena and as a

result, we obtain the pure runoff determine runoff
level HQ (Fig. 2).

.Q ij bwH H H H= + Δ + Δ
WATER RESOURCES  Vol. 47  No. 3  2020
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Fig. 2. Example of segregation of genetic components of water levels for the f lood period of 1998 year at the river Sukhona—gauge
Velikiy Ustyug according results of scenario modeling: 1—river runoff determined water level (HQ), 2 —additional water level ris-
ing due to backwater phenomena from the river Yug (ΔHbf); 3—ice-jam induced water level rising (ΔHij).
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After the successful simulation of most hazardous
floods, an attempt was made to simulate the temporal
series containing a chain of successive real years. As a
result, it was found, that, if the parameters adjusted for
outstanding ice-jams are applied to the entire time
series, it will lead to significant overestimation of the
maximum simulated water level marks. Therefore, at
the first stage, all ice-jam water level rises have been
analyzed for the entire observation period from 1980 to
2016. This was carried out by means of scenario simu-
lations with switched off ice module. Taking into
account the fact that the open water levels are repro-
duced by the model with a high accuracy [1, 31], the
maximum observed levels of ice-jam-related f loods
were compared with the simulated levels without ice-
jamming for the same dates, and ice-jam-induced
water levels rises were calculated as their differences
(Table 1).

It was found that the value of ice-jam rise in water
levels varies significantly in different years (from 1 to
3.8 m). From the analyzed 18 f loods, in seven cases,
ice-jam-induced water level rise was higher than
2.5 m, and from them three events are characterized
by ice-jam-induced water level rise higher than 3 m
(1992, 2013, and 2016). Seven events are characterized
by the ice-jam-induced water level rise in the range
WATER RESOURCES  Vol. 47  No. 3  2020
from 1.5 to 2.5 m, and during the rest ones, additional
water level rise was less than 1.5 m. Several ice-jam-
ming cases with insignificant water levels in 1981,
1986, 2000, and 2009 were not included in the ana-
lyzed ice-jam data set.

The described results allow us to justify the use of
various groups of model parameters reflecting an
additional increase in the roughness coefficient and a
decrease in the f low cross-section depending on ice-
jam-induced water level rise.

To assess the model sensitivity and the possible
range of the ice module parameters, a number of
numerical experiments was conducted for realistic
reproduction of different ice-jam levels over the entire
modelled area. The additional ice roughness was set so
as to comply with the ordinary Manning roughness
coefficient range for ice conditions from 0.035 to 0.125
[8, 25] with increments of 0.01. The additional reduc-
tion of the channel cross section area by the ice thick-
ness was simulated to be zero, 1 m, and 2 m. As the
upper boundary conditions, the mean water dis-
charges of the Sukhona and Yug rivers for the ice-jam

peak days were taken (1770 and 630 m3/s, respec-
tively), and the duration of the ice-jam period was sup-
posed to be 2 days. The results of these numerical
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Table 1. Results of ice-jam induced water level rising assessment at the gauge Velikiy Ustyug for period of observations

Year
Dates of ice-jam 

formation

Input discharges of the rivers 

at the ice-jam peak, m3/s
Ice-jam induced water level rise 

according results of scenario 

modeling, m

Type of ice-jam

according water 

level riseSukhona Yug

1982 April, 20–22 1430 324 1.50 2

1983 April, 3–4 1870 790 1.75 2

1984 April, 19–21 1820 672 2.74 3

1985 April, 27–29 1140 1000 2.52 3

1988 April, 18–21 999 555 1.21 1

1989 April, 15–20 1620 110 1.54 2

1990 April, 9–12 1390 494 1.14 1

1991 April, 14–16 2900 1185 2.22 2

1992 April, 16–20 2200 625 3.45 3

1996 April, 26–May, 1 1483 178 1.18 1

1998 May, 3–6 3910 1017 2.87 3

2001 April, 13–16 974 456 2.50 3

2002 April, 20–21 1340 532 2.05 2

2004 April, 16–19 2000 262 1.40 1

2005 April, 16–18 1490 871 2.40 2

2010 April, 15–17 1390 534 2.32 2

2013 April, 23–25 2120 785 3.80 4

2015 April, 18–19 759 125 0.94 1

2016 April, 14–18 2770 1424 3.60 4
experiments were summarized in the form of a nomo-
gram (Fig. 3).

It was obtained that with an increase in roughness
at the places of the ice-jams for 0.01 the water level at
Fig. 3. Ice-jam induced water level rising (ΔHij) at the gauge V
received as results of numerical experiments with two-dimension
2—with ice thickness 1 m, 3—with ice thickness 2 m.
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the control point located at the gauging station of Veli-

kiy Ustyug rises from 0.3 m at the additional roughness

of 0.035 and only to 0.15 m at the highest values of the

additional roughness. The dependence of the addi-
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Table 2. Parameters of ice module, received for different heights of ice-jam induced water level rising near city Veliky Ustyug

No. Type of ice-jam
Ice-jam induced water 

level rise, m

Ice roughness 

coefficient, ni

Ice thickness 

parameter, m

1 Small <1.5 0.045 1

2 Medium 1.5–2.5 0.045 1.5

3 Congestion 2.5–3.5 0.075 2

4 Catastrophic >3.5 0.100 2
tional water level rise caused by ice-jam from the ice
roughness can be approximated by a logarithmic
curve. The maximum water level rise at the gauge Veli-
kiy Ustyug, which can be caused by the roughness
increasing up to the maximum values alone, is about
2.9 m. The further increase of the roughness coeffi-
cient will result in values of this parameter signifi-
cantly outside of the natural range. The additional
water level rise can be obtained by the taking into
account by the constraint of the channel cross-section
area by the ice. It should be mentioned, that maxi-
mum values of ice-jam induced water level rise, pre-
sented on the diagram is higher, than observed values,
because the described experiment design considers
constant conditions of the input water f low and ice-
jam position during two days, which is practically
never observed during spring f loods formation. The
next chapter is described dynamic f lood modeling tak-
ing into account real f lood conditions.

RESULTS OF FLOOD SIMULATION 
FOR THE LONG-TERM PERIOD

Analysis of the received nomogram (Fig. 3) shows
that, in principle, for any value of ice-jam level, it is
possible to choose the best possible set of the ice mod-
ule parameters. However, setting individual parame-
ters for each year does not correspond to the actual
research strategy. For example, if the intellectual sys-
tem should be switched to the forecasting mode, the
exact value of the ice jam level would be not known,
and at best, only the approximate evaluations of the
forming jam could be used.

Therefore, the Buzin’s classification of ice jams
[15] was adapted to distinguish 4 types ice-jam
induced water level rising: (1) small jams are charac-
terized by water level rise less than 1.5 m, (2) medium
jams—1.5–2.5 m, (3) congestion jams—2.5–3.5 m,
and (4) catastrophic jams—more than 3.5 m (Table 1).
This approach allows to make a choice of the optimum
set of ice module parameters when modeling long-
term series.

Modeling period from 1980 to 2016 years was
divided onto two part: 1980–1998 was used for calibra-
tion of ice module parameters, 1999–2016 for the
model verification. The modelling was carried out
only for the high water period from April 1 to June 30
WATER RESOURCES  Vol. 47  No. 3  2020
of each year, which covered the passage of high waters
and period ice-jam formation.

Due to the some shifting of the f loods in time from
year to year, the period from the beginning of April
also includes several days with steady ice conditions
before ice break. Separate study for the winter freeze
up conditions was not conducted in the presented
research, because in this period water levels and dis-
charges are many times below than ice-jams induced.
However, for their reproducing during modeling the
same approach was used, and ice module parameters
were set as follows: ice thickness was set according
mean average values as 0.7m, ice roughness was set as
0.035.

Water levels for the open water conditions, which
also take place in the considered periods of each year,
model reproduces well with channel roughness coeffi-
cient 0.025, which value was obtained during model
calibration and verification on the previous stage of
researches [1, 31].

For the period of calibration the parameters of ice
module, which are provide the better coincidence of
simulated and observed water levels for the gauge Veli-
kiy Ustyug, were determined according heights of ice-
jam induced water level rising (Table 2). Ice-jam
induced water levels rising less than 1.5 m (type 1) is
better reproducing with additional ice roughness coef-
ficient 0.045 and ice thickness parameter 1 m; for
medium (type 2) ice jams reproducing ice thickness
parameter should be increased up to 1.5 m. Conges-
tions ice jams (type 3) with water level rise more than
2.5 m and less than 3.5 m were good reproduced with
ice roughness coefficient 0.075 and ice thickness
parameter 2 m. Such floods were observed during the
calibration period in 1984, 1992 and 1998 years.

Using described set of parameters, satisfactory
coincidence of the simulated and observed daily water
levels for the gauge Velikiy Ustyug was received
(Fig. 4). Nash-Sutcliffe coefficient (NSE) value for
the days with ice-jams formation (more than 40 days
for the whole period) is 0.72, for the all calibration
period including freeze up, break out and open water
periods NSE criteria value is 0.94 (Table 3). To obtain
good correspondence of simulated and observed water
levels during ice-jams period, it is important to set not
only ice module parameters, but also correctly set up
the time of ice-jam formation and destruction,
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Fig. 4. Daily observed (1) and simulated (2) water levels (H) at the gauge Velikiy Ustyug (only periods of each year from April 1
till June 30).
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because ice-jam induced water level peaks have very
sharp configuration.

Period of 1999–2016 years was used for the model
verification on the base of set of obtained parameters.
During this period, two outstanding f loods of 2013
and 2016 years were observed. The height of ice-jam
induced water level rising during mentioned events
was higher than 3.5 m, such water level rising was not
observed during calibration period and were consid-
ered as catastrophic ice-jams (type 4). At the value of
the ice roughness coefficient 0.075 the peaks of these
floods were underestimated, for the better reproduc-
ing of maximum water levels of such catastrophic ice-
jams event ice roughness should be set about 0.1.

For the period of verification Nash–Sutcliffe coef-
ficient for the days with ice-jams induced water levels
was 0.79, for the whole period of 1999–2016 its value
is 0.91. Slightly less value of NSE for the period of ver-
ification in comparison with calibration period is not
Table 3. Efficiency criteria (NSE) received for comparison
of observed and simulated daily water levels at the gauge sta-
tion Veliky Ustyug

Period Years
Days with ice-jams 

formation
All

Calibration 1980–1998 0.72 0.94

Verification 1999–2016 0.79 0.91
connected with ice-jams periods. More likely it is

associated with a lower accuracy of the data on the

water discharges due to fact, that the nearest to the

river confluence gauge Gavrino–river Yug was closed

in 1989, and for later period we have to reconstruct

water discharges of the Yug river using data of the

upstream gauges.

The maximum year water levels for the period of

observation were analyzed separately (Fig. 5), because

it is the most important characteristic for delineation

of the f looding hazard. The model reproduced them

sufficiently good; the Nash-Sutcliffe efficient criteria

value for maximum water levels for 1980–2016 years

period is 0.92, the mean value of the absolute devia-

tions of the simulated maximum water levels from the

observed ones is 18 cm.

Analysis of the temporal row of maximum water

levels for 1980–2016 years has shown, that ice-jam

induced water levels are determined maximum year

water levels values in 15 cases from 18 considered ice-

jam events. The maximum water levels of outstanding

floods (such as 1998) usually correspond with high

value of ice-jam induced water level rise (more than

2.5 m) with input runoff above the average values or

with catastrophic ice-jam (such as 2013). The recent

flood of 2016 year is characterized both by the

increased value of runoff input and by catastrophic

value of additional ice-jam induced water level rising.
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Fig. 5. Comparison of maximum year observed (1) and simulated (2) water levels at the gauge Veliky Ustug for the period 1980–
2016 years; determined as result of scenario modeling maximum additional ice-jam induced water level rising (ΔHij) (3); sum of
runoff and backwater determined water levels (HQ + ΔHbf) in the years with ice-jam formation (4).
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DISCUSSION

The proposed approach based on typification of
ice-jams allows to reproduce variation of water level
marks during snowmelt spring f loods at Veliky Ustyug
for the entire historical series of observations from
1980 to 2016 years with satisfactory accuracy. So, it is
getting possible to estimate boundaries of f looded
areas by means of two-dimensional hydrodynamic
modeling even during the period of ice-jam forma-
tion, existence and breakthrough. Comparison of
inundated areas resulting from the simulation with
satellite images for outstanding f loods also confirms
the reliability of this modeling approach [1, 31].

When the monitoring system is working in real-
time mode the proposed sets of parameters can be
applied as follows: the ice module parameters for the
largest and catastrophic ice-jams (set 4) should be
used to demonstrate the maximum possible water lev-
els and flooding zone limits in the current situation (it
is better to overestimate the danger than to underesti-
mate it). The resulting value can be updated according
to operational information, including expert opinions
about the ice jam congestion. A very promising seems
to be the possibility of automated selection of the ice
module parameters according to the difference of the
observed water level and its value simulated for the
same conditions but without the ice phenomena
(“open water level”). In this case, both parameter sets
for different types of ice-jams, and proposed kind of
nomograms can be used to choose appropriate for the
WATER RESOURCES  Vol. 47  No. 3  2020
current situation values of ice module parameters. If
enough computational resources are available (cur-
rently the system executes the simulation every
15 min), the parameters of the ice module from the
specified range can be refined online using multivari-
ate calculations.

It is necessary to notice that on the current stage of
the modeling system development the locations and
boundaries of river reaches of possible spring ice jams
formation should be input a priori, and only maps of
typical ice-jam location was used during simulations.
However, ice-jam length can change significantly both
from year to year, and during the same event. The pre-
cise location of the jam boundaries is of great impor-
tance for water level along the stretch upstream from
the jam. In the future, with the development of a sub-
system based on automated processing of satellite
images, the boundaries of forming ice jams can be
refined in real time mode and urgently transferred to
the model, although the decoding routines for identi-
fication between the plain ice cover and ice jam are
only under development worldwide [33]. In this case,
the possibilities of crowdsourcing data collection as a
part of the system could also be useful. The observed
data about ice-jam forming can be transmitted by the
similar way as users can transmit data about their
observations of the land inundation in critical points
(flooded/not f looded, ice-jam/no ice-jam).

The prediction and modeling of the very fact of the
ice-jam formation, which is a separate and very serious
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scientific problem [2, 15], stay beyond the scope of
this study. However, in the modes of monitoring and
short-term forecast (up to 48 hours), to which the sys-
tem is currently configured, the information on ice-
jams can be obtained from the regional hydrometeoro-
logical network. The information about first ice-jam
formation after ice drift beginning can be considered
as a signal for switching-on the ice module at the
proper phase of the water regime (flood rise). Another
possibility to switch on the ice module could be a
sharp increase of water level at Veliky Ustyug gauging
station (more than 70–90 cm per day) that can indi-
cate the ice-jam formation.

The methodological developments concerning the
gradations of water level rises induced by ice-jams and
corresponding sets of parameters for ice module of the
hydrodynamic model are regional by their nature and
may differ somewhat along other sections of river val-
leys. For example, the effect of the f low cross section
reduction due to ice can be neglected at large rivers
where the channel depth is much larger than ice thick-
ness. This circumstance was noted when the similar
model with ice module was applied for the Lena river
near the city of Yakutsk, where the channel depth is up
to 20 m. For that case study, ice-jams were modeled
only by specifying additional ice roughness [22].

General approaches for ice-jam effect modeling,
which have been developed as a result of this study, can
be used in solving similar problems in other regions.
The adaptation of two-dimensional hydrodynamic
model for taking into account ice conditions should
include the following steps:

identification of river stretches where ice-jams usu-
ally form;

determining the limits of water level rises induced
by ice-jams by the analysis of the historical series using
scenario simulations;

numerical experiments for estimating the ice-jam
level rises with different sets of parameters for ice
module of the hydrodynamic model;

calibration of ice module parameters (with separa-
tion of ice-jams into different types or without it);

verification of ice module parameters using the
independent data sets.

CONCLUSIONS

On the basis of the STREAM_2D software with
implementation of developed ice module, a multi-year
series of ice-jams f loods for a complex area of the con-
fluence of the Sukhona and Yug rivers were simulated.

Based on the results of scenario modeling it was
determined that ice-jams induced additional water
level rising can exceed at the gauge Velikiy Ustyug the
heights of 3.8 m. Numerical experiments have shown
that observed for the historical periods ice-jam
induced water levels can be reproduced during model-
ing with a range of additional ice roughness coeffi-
cients from 0.045 to 0.1 and ice thickness parameter
from one to 2 m.

For setting of the optimum values of ice module
parameters according ice-jams induce water level ris-
ing all ice jams were classified as follows: 1—small
jams with water level rise less than 1.5 m; 2—medium
jams (water level rise 1.5–2.5 m); 3—congestion jams
(water level rise 2.5–3.5 m); 4—catastrophic jams
(water level rise more than 3.5 m).

Results of the model calibration on the base of data
for the period of 1980–1998 years and the model veri-
fication for period 1999–2016 years have demon-
strated, that the model can reproduce ice-jam induced
water levels with satisfactory quality (NSE criteria for
the days with ice-jam formation was 0.72 and 0.79 cor-
respondingly). The model results for the period under
study are also well enough in term of comparison of
maximum year water levels with observed ones
(NSE = 0.92).

Analysis of ice-jam induced water level rises for the
period of observation has showed that the maximum
water levels were due either to a combination of
increased runoff during the ice-jam period with con-
gestion ice-jam (1998) or a catastrophic ice-jam
(2013). In the 2016 year, extreme flood was deter-
mined by the both factors simultaneously.

For the implementation of the developed approach
within the framework of the operational f lood moni-
toring system, at the first stage it is recommended to
use defined sets of ice module parameters. The maxi-
mum possible height of ice-jam induced water levels
should be estimated based on maximum values of
parameters for catastrophic ice-jams. At the next stage
of research, the approach, than the parameters of the
ice module from the specified range can be refined
online using multivariate calculations can be devel-
oped.
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