
43

EARTH’S  CRYOSPHERE
SCIENTIFIC  JOURNAL

Earth's Cryosphere, 2022, vol. XXVI, No. 3, pp. 43–53

SNOW COVER AND GLACIERS

MODELING OF DEBRIS FLOW TRIGGERED BY SNOW MELTING:  
CASE STUDY OF THE BARSEMDARA RIVER, TAJIKISTAN

V.A. Iudina (Kurovskaia)1,*, S.S. Chernomorets1, T.A. Vinogradova2, I.N. Krylenko1,3

1 Lomonosov Moscow State University, Faculty of Geography, Leninskie gory 1, Moscow, 119991 Russia 
2 Research and Production Association Gidrotekhproekt LLC, ul. Oktyabrskaya 55A, Valdai, Novgorod oblast, 175400 Russia 

3 Water Problems Institute, Russian Academy of Sciences, ul. Gubkina 3, Moscow, 119333 Russia

*Corresponding author; e-mail: viktoriiakurovskaia@gmail.com

One of the latest catastrophic debris flow disasters took place in the Barsemdara River valley (Tajikistan) 
in 2015. The aim of this study was to apply chain modeling to consider the characteristics of this debris flow. 
This approach was also applied to assess potential flood-prone zones for future debris flows. To consider the 
characteristics of debris flow in the source, the transport-shift model developed by Yu.B. Vinogradov was applied. 
Based on this model, debris flow hydrographs were obtained and used as input data for valley zoning based on 
the FLO-2D model. So, for scenario I, the debris flow discharge of the forward wave (maximum 1630 m3/s) was 
used as the input hydrograph; for scenario II, the debris flow discharge at the source outlet (maximum 650 m3/s) 
was used. The digital elevation model ALOS PALSAR (12.5 m) was used as the relief data. As there were no 
rheological data, the modeling was carried out using several sets of parameters. The simulated debris flow dis-
charges based on the most realistic option for scenario I varied from 1494 to 2860 m3/s for individual waves. 
Additionally, the authors carried out modeling using digital elevation model from an unmanned aerial vehicle 
obtained during the survey in 2019. The results showed that the considered approach makes it possible to esti-
mate the boundaries of both actual and potential flood-prone zones. 
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INTRODUCTION

In 1969–2015, eight catastrophic debris flow di-
sasters were documented in the Gorno-Badakhshan 
Autonomous Oblast (GBAO) of Tajikistan. Informa-
tion about individual rainstorm-induced debris flow 
events from 2007 to 2010 was presented by I. Mal’-
neva and N. Kononova [2012]. In 2002, glacial debris 
flow caused by lake outburst took place in the Dasht 
River valley. Assessment of catastrophic debris flow 
characteristics by modeling with FLO-2D and 
RAMMS was given in [Mergili et al., 2011]. The lat-
est mass debris flow events in the Barsemdara River 
valley were observed in July 2015. Glacial origin of 
largest debris flows is normally considered, while the 
role of snowmelt as the main control is often underes-
timated. In the GBAO, there are 6650 glaciers in the 
GBAO, and their total area reaches 6785.6  km2 
[Osipova, 1978; Shchetinnikov, Podkopaeva, 1978; 
Varnakova, Rototaeva, 1978, 1979; Shchetinnikov, 
1979; Musoev, Atlas, 1980; Tukeev, 2002], or 5.4% of 
the total glaciated area in Eurasia [Kotlyakov, 1984]. 
Despite the presence of a glacier in the Barsemdara 
River catchment, snowmelt was the main trigger of 
catastrophic debris flow events [Dokukin et al., 2019].

During the debris flow disaster in 2015, a debris 
fan dammed the Gunt River, which resulted in the 
appearance of a dammed lake that was later named 
Barsemkul’ Lake. This led to the flooding of about 
70 households, more than two kilometers of the high-
way connecting Tajikistan with China and Kyrgyz-
stan, five bridges (three road and two pedestrian), 
medical center, school, retail outlets, orchards, and 
fertile land, including tens of kilometers of irrigation 
networks. The main high-voltage power supply line 
from the Pamir-1 hydropower plant was also de-
stroyed [Chernomorets et al., 2015].

Debris flow characteristics were determined 
based on visual observation and satellite data analysis 
[Chernomorets et al., 2015; Keiler et al., 2018; Dokukin 
et al., 2019]. Earlier, authors of this paper assessed 
discharges of debris flow using transport-shift model 
and video footage [Kurovskaia et al., 2020]. The aim 
of this work is the application of chain modelling to 
consider the increment of material in the source and 
valley zoning for the debris flow of 2015, as well as 
the flood zone assessment. The particular tasks in-
cluded (i) preparation of digital elevation model, 
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(ii) improvement of the transport-shift model [Vino-
gradov, 1980a,b], (iii) selection of necessary parame-
ters for modelling in FLO-2D software, and (iv) cal-
culations and quality assessment.

STUDY OBJECT

The Barsemdara River is the right tributary of 
the Gunt River and belongs to the Panj (Pyandzh) 
River catchment. The river length is 8.6 km, and its 
catchment area is 28 km2. Mean and maximum eleva-
tions within the catchment are 3912 and 4919 m asl, 
respectively. There were at least 14 series of debris 
flow events documented for the period of 16 to 20 of 
July 2015. The total amount of debris flow waves var-
ied from 30 to 40 according to M. Keiler [Keiler et al., 
2018]. Debris flow sites were at the elevation of ca. 
4100 m in the upper part of the Barsemdara’s headwa-
ters from the edge of Chirmintarman glacier (Fig. 1).

The area of the debris flow cut on the moraine 
pedestal is 72 000 m2. Morphometric properties of the 
debris flow site were estimated from Kanopus-V1 im-
ages acquired on October 6, 2015 and July 26, 2016. 
According to these data, the cut length at elevations 
3800–4150 is 800 m, average width is 90 m, maxi-

mum width is 400 m [Chernomorets et al., 2015; Do-
kukin et al., 2019], and estimated depth reaches 50 m 
(Fig. 2).

The period of long-lasting positive temperatures 
resulting in the intense snow melting on the glacier 
and in the periglacial area is the main cause of cata-
strophic debris flow. Fluctuations of the temperatures 
within the debris flow site according to hourly ERA5 
reanalysis at 30-km resolution performed by the 
Euro pean Centre for Medium-Range Weather Fore-
casts (ECMWF) are shown in Fig. 3. 

The rise in temperature had been observed for 
two weeks before the catastrophe and reached the 
maximum (20°C) on July 16, 2015. In July 2014, the 
mean monthly temperature in this area was 9°C.

The length of the debris flow path from the 
source to the discharge point at the confluence of the 
Barsemdara and Gunt rivers was 7250 m with the av-
erage slope of 13.5°. According to M. Keiler’s assess-
ment [Keiler et al., 2018], the total volume of debris 
flow mass reached 4.2 M m3. The debris flow mass 
dammed the Gunt River, so that Barsemkul’ dammed 
lake with the area of 378 000 m2 and max volume of 
about 4 M m3 was formed [Chernomorets et al., 2015]. 

Fig. 1. The Barsemdara River catchment. 
1 – areas within the debris flow site for the transport-shift model; 2 – streams, 3 – area of debris flow movement in 2015; 4 – section 
of intermediate debris flow accumulation in 2015; 5 – debris flow site boundaries; 6 – debris cone in 2015; 7 – Barsemdara River 
catchment; 8 – elevation, m; 9 – FLO-2D modelling extent; 10 – FLO-2D modelling sites; Ch – Chirmintarman Glacier; B – Barse-
mkul’ Lake.
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Fig. 2. Debris flow site in the Barsemdara River 
valley. 
Photo by S.S. Chernomorets, 2019.

Fig. 3. Hourly air temperatures for the period from 1 
to 21 of July, 2015 over the debris flow site according 
to ERA5 reanalysis data.
Red line is the debris flow activity.

Later, the area of this lake was reduced to 300 000 m2 
due to the construction of a discharge channel [Do-
kukin et al., 2019].

However, the danger of Lake Barsemkul’ poten-
tial outburst flood is still preserved. Khorugh – the 
administrative center of the GBAO – is found just 
15 km downstream the Gunt River. Earlier, a bathy-
metric survey of the lake was carried out [Cherno-
morets et al., 2015]. Moreover, possible scenarios of 
the lake outburst potentially resulting from (i) some 
lowering of the dam-break point, (ii) repeated debris 
flow from the Barsemdara valley, or (iii) outbursts in 
the cascade of glacial lakes triggering the catastro-
phic debris flow from the neighboring Sharipdara Ri-
ver valley were also discussed [Kidyaeva et al., 2018].

METHODS AND INPUT DATA

In this study, we applied a chain of numerical 
models, including the transport-shift model of debris 
flow formation, for calculating flow characteristics at 
the source site [Vinogradov, 1980a,b] and a hydrody-
namic model FLO-2D for the valley zoning [O’Brient 
et al., 1993].

Transport-shift model of debris flow formation. 
The choice of the transport-shift model of debris flow 
formation was conditioned by the possibility to con-
sider the increment of material in the forming debris 
flow. This is a one-dimensional model, and it is ap-
plied for calculating high-density debris flows. Model 
equations were developed by Yu.B. Vinogradov on 
the basis of debris flows experiments in the catchment 
of the Chemolgan River [Vinogradova, Vinogradov, 
2017]. Earlier, modelling results were compared with 
observation data and were found to be satisfactory 
[Vinogradova, Vinogradov, 2017]. The model equa-
tions for calculating the discharge of solid material 

and the discharge and density of debris flow are now 
implemented into Python environment. The dis-
charge of solid material is calculated first. Herewith, 
areas with approximately similar slopes and morpho-
metric properties are delineated within the debris 
flow site. The main equation is solved not for the tar-
get variable G, but for the argument l [Vinogradova, 
Vinogradov, 2017]:
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where l is the distance along the thalweg of debris 
flow site, m; l0 is the distance to the current sector, m;  
G is the solid material discharge, m3/s; G0 is the initial 
value of G for the certain sector and the previous upper 
sector (for the first upper sector G0 = 0), m3/s; a is the 
thalweg slope at the debris flow site, degrees; Q is the 
water discharge, m3/s; j is the static angle of internal 
friction of sediments, degrees; qpp is the ratio of the 
volume of water to the volume of solid material in the 
debris flow sediments at the liquid limit (in a stable 
immobile state); z is the ratio of the volume of water 
to the volume of solid material of debris flow sediments 
(dimensionless), g is the acceleration of gravity, m2/s; 
r0 is water density, kg/m3; r is the density of debris 
flow sediments at the potential flow state,  kg/m3; 
and A is the coefficient of proportionality, m/(s2⋅kg) 
[Vinogradov, Vinogradova, 2010]. According to scarce 
data of debris flow simulation under natural condi-
tions, coefficient A was estimated to be in the range 
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of (3–5)⋅10–6  m/(s2⋅kg), closer to 5⋅10–6  m/(s2⋅kg) 
[Vinogradova, Vinogradov, 2017]. The debris flow dis-
charge at the site of its origin (Qdf) can be calculated 
using Eq. (2): 
 Qdf = Q + (1 + z)G,  (2)

where Q is the discharge of water entering the source of 
debris flow, m3/s. The maximum debris flow discharge 
with the forward wave was estimated via multiplying 
its discharge at the outlet site by coefficient 2.5 (first 
approximation) [Vinogradov, Vinogradova, 2010].

The density of debris flow (y) moving along the 
site, is calculated by Eq. (3) [Vinogradov, Vinogrado-
va, 2010]:
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Increment in the debris flow mass and changes in 
its density and discharge for each section along the 
site length are determined. As the input data in hyd-
rodynamic models are hydrographs rather than a 
single discharge value, we have improved the trans-
port-shift model via adding equations to calculate the 
wave velocity and lag time.

Most of the equations for calculating velocity of 
debris flows include such characteristics as the debris 
flow density, flow velocity, and empirical coefficients 
on ly. Herewith, empirical coefficients are obtained 
from observation data on particular debris flow catch-
ments [Golubtsov, 1969; RD 52.30.238-90, 1990], or 
from laboratory experiments. Significant discrepanci-
es have been found while comparing the observed ve-
locities of debris flows at Chemolgan experiments and 
their calculated model values [Sokolova et al., 2018].

In this study, we have applied the equation for 
calculating debris flow velocity proposed by Yu.B. Vi-
nogradov [Vinogradov, Vinogradova, 2010]. This 
equation includes not only the flow slope and depth 
but also internal angle of sediment friction, flow den-
sity, and various coefficients. To simplify the main 
equation, Vinogradov introduced three additional 
parameters:
 M = m/(2gb2),

 N = g (sina – tgj*⋅cosa)/b2,

 S = gh sina/b2,

where m is the coefficient of dynamic viscosity, Pa⋅s;  
g is the debris flow density, kg/m3; b is the mixing re-
sistance coefficient, dimensionless; a is the slope of the 
debris flow thalweg, degrees; j* is the dynamic angle 
of internal friction of the sediments, degrees; g is the 
acceleration of gravity, m2/s; and h is the flow depth, m. 
The final equation for calculating the maximum debris 
flow velocity (Vm) takes the form [Vinogradov, Vino-
gradova, 2010]: 
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Herewith, the internal friction of debris flow 
sediments is expressed through m, b, and j*. Viscosity 
factor (m) characterizes the friction that occurs when 
individual layers and various elements slide over each 
other. With an increase in the size of the inclusions, 
their interaction also increases, i.e., more energy is 
dissipated, the viscosity factor varies between 100 
and 1000 Pa⋅s. Mixing resistance coefficient (b) is the 
relative average distance perpendicular to the longi-
tudinal axis of the debris flow, which the elements of 
the debris flow should pass before being involved in 
the general longitudinal motion. Its values vary be-
tween 0.1 and 0.5 [Vinogradov, Vinogradova, 2010].

Initial flow depth value for calculating the debris 
flow velocity was considered equal to 1 m at each sec-
tion. Knowing the debris flow discharge and velocity, 
one can obtain its approximate cross-sectional area. 
The flow width was estimated using various satellite 
data at 15 to 30 m spatial resolution. Then, the flow 
depth was recalculated, and the resulting values were 
substituted into Eq. (4). To estimate the wave propa-
gation time, the distance between the boundaries of 
the sections was divided by the velocity value.

Topographic data were extracted from digital el-
evation model ALOS PALSAR acquired on August 8, 
2007 (12.5 m spatial resolution) [https://search.asf.
alaska.edu/#/]. In total, four sectors with approxi-
mately similar morphometric characteristics were de-
lineated within the debris flow channel (Fig. 1).

The input hydrograph for calculations was cre-
ated for the first three debris flow waves based on the 
information obtained from local residents. The first 
wave was registered on July 16 at 14:30. According to 
eyewitnesses, the most powerful third wave took 
place on the same day less than an hour after the first 
and second waves. According to field survey in 
 August 2019 carried out jointly by specialists from 
the Faculty of Geography of Moscow State Univer-
sity and the Aga Khan Agency for Habitat (AKAH), 
the discharge in front of the debris flow site during 
the third wave was estimated at 25 m3/s. The base 
discharge in the upper reaches was estimated at 
5 m3/s. In the following days, floods and small debris 
f lows were observed along the valley that were 
formed due to the natural snow melting and had no 
destructive power [Chernomorets et al., 2015]. Figure 
4 shows the input hydrograph; the starting point cor-
responds to 14:30 (July 16, 2015).

Density of debris f low-forming deposits r 
was taken equal to 2600 kg/m3; water density r0, 
1000 kg/m3. The mean thalweg slope was 13.5°. The 
angles of internal friction of the sediments – static j 

and dynamic j* – were estimated at 40° and 22°, re-
spectively, according to construction design rules [SP 
425.1325800, 2019], survey reports of the North Cau-
casian Institute for Water Management and Land 
Reclamation (Sevkavgiprovodkhoz) [Nikulin, 2009], 
and works of Yu.B. Vinogradov [Vinogradov, Vinogra-
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dova, 2010]. Earlier, we presented the calculations of 
this debris flow for three scenarios of the initial water 
content of the deposits: completely dry, moistened to 
the liquid limit, and inundated [Kurovskaia et al., 
2020]. We also compared model characteristics with 
the values of the debris flow velocity and discharge at 
the outlet as estimated from video records. It was 
found that the best fit of the model to the factual ob-
servations was in the case of rock moistening to the 
liquid limit. In this paper, we consider only this op-
tion for further calculations. 

Hydrodynamic model FLO-2D. A two-dimen-
sional hydrodynamic model FLO-2D [O’Brien et al., 
1993] was used to estimate the distribution of flow 
velocities and depths within the channel. This model 
is widely applied in scientific research related to the 
dynamics of water and debris f lows [Cesca, 
D’Agostino, 2008; Mikhailov, Chernomorets, 2011; Pe-
trakov et al., 2012; Wu et al., 2013]. It is based on the 
solution of Saint-Venant equations, in which the flow 
characteristics are averaged over depths (the so-
called shallow-water equations) [Cunge et al., 1980]. 
When modeling debris flow in the FLO-2D model, it 
is assumed that it moves as a Bingham fluid (viscous-
plastic fluid) [O’Brien et al., 1993]. The model oper-
ates with the following input data: topographic maps 
and topographic survey data synthesized in digital 
elevation models (DEM), background discharges and 
levels of the water in the main channel and tributar-
ies, and input hydrograph and its shape. As an output, 
the model gives depths, velocities, and levels of water 
or debris flow surfaces, as well as other flow parame-
ters in plane. 

As the input hydrological information, we used 
hydrographs obtained from the transport-shift model. 
For scenario I, we used discharges of the forward 
wave as an input hydrograph; for scenario II, debris 
flow discharges at the site outlet. Background dis-
charge of the Gunt River was taken at 100 m3/s. This 
value corresponds to the average discharge over the 
observation period and the discharge of 50% proba-
bility. 

We used digital elevation model from ALOS 
PALSAR (12.5 m resolution) acquired on August 8, 
2007 as input topographic data [https://search.asf.
alaska.edu/#/]. After correction, the DEM was re-
interpolated with the cell size of 12.5 m to be used in 
the FLO-2D model. Further, we used unmanned aer-
ial vehicle (UAV) data for the area of the debris cone 
obtained during the field survey by the authors in 
 August 2019. UAV-based DEM was resampled to 
5 × 5 m grid. We also used bathymetric data for Lake 
Barsemkul’ surveyed in 2017.

The input parameters for the FLO-2D model 
were also volumetric concentration of sediments in 
the debris flow, plastic friction stress, and flow vis-
cosities. Concentration of sediments was set to be 
45%, which corresponds to incoherent debris flow 
with intensive mixing [O’Brien et al., 1993]. If it is 
impossible to conduct a detailed rheological analysis 
of debris flows, the following empirical formulas are 
used to calculate the plastic friction stress and flow 
viscosity in the model:

	 h = a1 exp (b1Cv); (5)

	 ty = a2 exp (b2Cv), (6)

where ty is plastic friction stress, h is flow viscosity, 
and Cv is sediment volumetric concentration; a1,2, and 
b1,2 are empirical coefficients determined in laboratory 
[O’Brien, Julien, 1988]. As seen from Eqs. (5) and (6), 
h and ty are functions of the volumetric concentration 
of sediments considering only the volume of silt, clay, 
and, in some cases, sand fractions. However, these equa-
tions do not consider coarse-grained sediments. The 
viscosity of a fluid is also a function of the volumetric 
concentration of sediments. The authors of the model 
estimated the parameters of these equations using de-
bris flow samples collected in the Rocky Mountains, 
Colorado, near the cities of Aspen and Glenwood 
Springs. The values of the empirical coefficients ai 
and bi were obtained using regression analysis for each 
sample and are presented in Table 1 [O’Brien, Julien, 
1988]. By default, parameter e is recommended for 
simulating the movement of a more viscous flow, and 
parameter a is recommended for less coherent flows, 
including sediment-water floods [O’Brien, Julien, 

Fig. 4. Input hydrograph for debris flow modeling.

Ta b l e  1. Parameters for calculating plastic flow stress 
 and viscosity as a function of sediment concentration 
 [O’Brien, Julien, 1988]

Para- 
meter 

set
Debris flow de-

posit sample

Parameters for 
calculating plas-
tic friction stress

Parameters for 
calculating flow 

viscosity
a2 b2 a1 b1

a Aspen natural soil 0.1520 18.7 0.001 36 28.4
b Glenwood 1 0.0345 20.1 0.002 83 23.0
c Glenwood 2 0.0765 16.9 0.064 80 6.2
d Glenwood 3 0.000 707 29.8 0.006 32 19.9
e Glenwood 4 0.001 72 29.5 0.000 602 33.1
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1988]. Since there were no field data for the studied 
catchment, simulation was performed using several 
sets of parameters presented in Table 1.

MODELING RESULTS

We have obtained flow discharge values for each 
of the four sectors within the debris flow site by ap-
plying Eqs. (1) and (2). Flow velocities are required 
for debris flow hydrographs. The results of velocity 
calculations according to Eq. (4) for each sector and 
for the forefront wave are presented in Table 2.

Calculations for the first two waves and for the 
third wave were separately performed, because water 
discharge values for first two waves entering the 
channel were the same and equal to 15 m3/s. Flow 
density values calculated using Eq. (3) were then 
used in calculations of the velocity. As seen from Tab-
le 2, flow velocities differed among sectors. Average 
velocity for the first two waves (excluding the fore-
front wave) was 13.4 m/s; the third wave had the flow 
velocity of 13.2 m/s.

Figure 5 shows hydrographs of debris flow waves 
for all four sectors within the site and the maximum 
discharge values for the forefront wave. A gradual in-
crease in the flow discharge from the first to the 
fourth sector is clearly seen. 

For the first two waves, debris flow discharge 
along the entire site increased from 145 to 391 m3/s. 
According to approximate estimates, the discharge of 
the forefront wave reached 978 m3/s. For the third 
wave, the discharge increased from 255 to 625 m3/s 
from the first to the fourth sector; the discharge of the 
forefront wave reached 1630 m3/s. Minimum debris 
flow discharge time (13 s) was found for the first and 
fourth sectors. and maximum discharge time (22 s) 
was found for the third sector. Time lag of the front 
wave in the fourth sector varied from 18 to 20 s.

Further, we performed a zoning of the valley us-
ing FLO-2D model. As noted earlier, two simulation 

Ta b l e  2. Debris flow velocity

Sector 
number

Slope, 
degrees

Flow 
depth 
for the 

first and 
second 

waves, m

Veloc-
ity of the 
first and 
second 
waves, 

m/s

Flow 
depth for 
the third 
wave, m

Veloc-
ity of 

the third 
wave, 
m/s

1 28.2 2.2 14.6 2.0 15.0
2 26.6 2.0 13.9 2.1 14.3
3 24.6 2.1 13.1 2.3 13.1
4 20.4 2.8 11.2 2.3 11.2

5 (forefront 
wave)

20.4 4.0 8.3 6.2 7.2

Entire site 25.2 2.7 12.4 3.0 11.9

Ta b l e  3. Results of hydrodynamic modelling 
 for scenarios I and II

Calcu-
lation 
option

Max dis-
charge, 

m3/s 
(first 

wave)

Passing 
time, 
min

Max dis-
charge, 

m3/s 
(second 
wave)

Passing 
time, 
min

Max dis-
charge, 

m3/s 
(third 
wave)

Passing 
time, 
min

Ia 855 15.6 1477 5.4 2513 12.0
Ib 1494 12.6 1639 12.0 2860 9.6
Ic 1433 9.0 1378 7.8 3297 3.0
Id 977 11.4 1744 12.0 2993 9.0
Ie 430 21.0 1134 4.8 1939 3.0
IIa 164 18.2 674 9.1 1322 6.7
IIb 295 21.1 554 9.1 648 15.1
IIc 777 9.7 1153 11.5 1045 8.5
IId 412 18.7 404 13.9 683 15.1
IIe 30 21.1 394 10.9 580 8.5

Fig. 5. Debris flow hydrographs for the four sec-
tors of the debris flow site (lines 1–4) and for the 
forefront wave (line 5) obtained as transport-shift 
model output.

scenarios were considered. In scenario I (for the fore-
front wave), the discharge changed significantly de-
pending on the input values of plastic friction stress 
and flow viscosity (Table 3). 

The most realistic results, close to the estimates 
based on field data, were obtained using option Ib. 
Calculations with other options are given for com-
parison to show how the use of different debris flow 
parameters in the FLO-2D model affects the results. 
Thus, the flow rates for option Ib were from 1494 to 
2860 m3/s for individual waves, while the flow rate 
estimated from video records was 1536 m3/s, and the 
velocity was 16.6 m/s [Kurovskaia et al., 2020]. Note 
that we used records for one of 40 debris flow waves, 
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presumably the third, the most destructive, so we ob-
tained approximate estimates. 

The highest discharge of the forefront wave at 
the top of debris cone was 3297 m3/s during the third 
wave according to Ic option. Debris flow discharges 
for the first and second waves were lower than the 
values assessed using video records. Minimum values 
for the top of debris cone were obtained for option Ie 
(most viscous flow). The discharge for the first and 
second waves was 430 and 1134 m3/s, respectively. 
The discharge for the third wave was by 403 m3/s 
higher than the value estimated using video records. 
Herewith, parameters of option e are recommended 
for cement-like debris flow, which was not the case for 
the observed debris flow. Slightly higher discharges 
were obtained for the parameters of option Ia typical 
for a low-density debris flow. The discharge of the 
first wavy reached 855 m3/s; the discharge of the sec-
ond wave was 60 m3/s lower than the video-based 
estimate. For the third wave, the simulated discharge 
was 1.6 times higher than the video-based estimate. 
In option Id, the discharge of the first wave reached 
977  m3/s; the discharges of the second and third 
waves exceeded the video-based estimates by 1.1–
1.9 times.

Then, the same parameters were used to simulate 
debris flow discharges at the site outlet according to 
scenario II. 

The highest discharge of the third wave at the 
top of debris cone was 1321 m3/s according to op-
tion IIa. For the first and second waves, discharge 
values were 164 and 674 m3/s, respectively. The high-
est discharges for these two waves were obtained us-
ing option IIc: 777 and 1153 m3/s, respectively. The 
minimum debris flow discharge of the first wave 
(30 m3/s) was obtained using option IIe. For the sec-

ond and third waves, the discharge varied from 394 to 
560 m3/s. In general, options IIb and IId were close 
to one another; discharge values changed from 295 to 
683 m3/s.

For calculating the debris flow characteristics at 
the debris cone, we used the set of parameters b as the 
most realistic one. The discharge in this case was 
close to the value obtained from video records [Ku-
rovskaia et al., 2020]. To estimate the maximum pos-
sible discharge at the debris cone, we made a calcula-
tion using a set of parameters c.

Discharges at the debris cone calculated using 
option  Ib (scenario  I) varied between 556 and 
2181 m3/s. The flow passed this section of debris cone 
in 1.8–4.8 min. The flow velocity in the Barsemdara 
River channel exceeded 5 m/s; in the adjacent area, is 
was up to 3.2 m/s (Fig. 6b). A considerable number of 
buildings on the left bank of the river were within the 
flood zone. The distribution of depths in the flow is 
shown in Fig. 6a.

According to scenario II, discharges within the 
debris cone changed from 101 to 543  m3/s. The 
spreading of the first wave was wherein observed. The 
flow travel time was from 6 to 7.8 min. The flow depth 
within the debris cone averaged 4.8 m reaching 9.5 m 
in some areas. The debris flow velocity in the Barsem-
dara and Gunt rivers, as well as within the debris 
cone, was 5 m/s.

When modeling the passage of the forefront 
wave, the debris flow discharge at the debris cone 
turned out to be much higher and ranged from 1580 
to 3351 m3/s for the third wave according to option c. 
Lag time varied from 0.6 to 1.2 min. Maximum debris 
flow velocities within the Barsemdara River channel 
and in the adjacent area were 19.4 and 10.8 m/s, re-
spectively. Flow depth within the debris cone varied 

Fig. 6. Plane distribution of flow parameters for the 2015 debris flow simulated using FLO-2D model ac-
cording to scenario I, parameter set b.
a – flow depth, b – flow velocity.
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from 1 to 5 m and was up to 15 m in the Barsemdara 
River channel.

The debris flow discharges for option c (scena-
rio II) were 534–840 m3/s. The lag time of the waves 
varied from 0.6 to 1.8 min. At the debris cone section, 
the maximum debris flow velocity within the Barsem-
dara River channel was 15.1 m/s; on the adjacent 
area, it reached 6.7 m/s; in the Gunt River channel, 
11.8 m/s (Fig. 7).

A comparison of modeling and observation data 
indicates that, in reality, there was no flow spreading 
along the debris cone to its left side. Waves passed 
exclusively within the Barsemdara River channel, de-
spite its lowered left bank (Fig. 8). Thus, the flow in-
cised into the surface of the debris cone.

One of the reasons for the inconsistency of fac-
tual and simulated flood zones within the cone could 
be due to erosional processes that are not considered 
in the FLO-2D model calculation, except for the ini-
tial input morphometric data. In our study, we used 
satellite images of 12.5-m resolution, which smoothed 
meso- and microtopographic features. However, this 
was the only option available for this valley before 
the debris flow of 2015.

Calculations of potential modern debris flow in 
the Barsemdara valley were made using 2019 UAV-
based DEM covering the debris cone, hydrographs 
(scenario I) in the FLO-2D model with parameter 
sets b (as the most realistic one) and c (giving maxi-
mum values). These calculations reflect the flood-
prone zones in case of the repeated debris flow and 
the modern topographic conditions. 

Modelling using the set of parameters b indicates 
that the flow is almost entirely concentrated within 
the Barsemdara channel above the debris cone, while 
the cone is flooded (Fig. 9). During the debris flow in 
2015, the debris cone was not flooded. According to 
2019 UAV-based DEM data, the debris cone is char-
acterized by a sharp change in the heights (from 2541 
to 2519 m asl). This can cause the flooding of the ter-
ritory in case of another intense debris flow.

The results obtained with parameter set c indi-
cate that in the event of a similarly strong debris flow, 
not only the debris cone but also houses near the 
Barsemdara River channel upstream the cone will be 
in the flood-prone zone. Flow depth for both sets of 
parameters will vary from 8 m on the debris cone to 
15 m in the Barsemdara River channel.

Fig. 7. Plane distribution of flow parameters for the 2015 debris flow simulated using FLO-2D model ac-
cording to II scenario, parameter set c. 
a – flow depth, b – flow velocity.

Fig. 8. Barsemdara River channel.
Photo by S.S. Chernomorets, 2019.
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Fig. 9. Plane distribution of the flow velocity of the first wave simulated using FLO-2D model and UAV 
data according to scenario I. 
a – scenario Ib, b – scenario Ic.

The Barsemdara channel topography was rela-
tively stable before 2015. After the catastrophe, the 
topography has stabilized and there are no changes 
now. In case of using high-resolution DEM data, we 
should bear in mind that debris cones are unstable 
landforms, and their topography is subjected to 
changes after each high-water event. Intense water 
flood or debris flows can form a new channel in the 
area of the village beyond the current channel. The 
FLO-2D model does not consider erosional processes. 
Therefore, in case of catastrophic high-water event, 
the flood zone picture may change significantly. At 
the same time, initially such a territory may not be 
identified as potentially dangerous when modeling 
with the use of available UAV-based DEM data. In 
fact, such high-resolution DEMs rapidly become out-
dated. More accurate results for the moment will be 
obtained using detailed modeling on the basis of 
state-of-the-art DEM. Therefore, it is better to assess 
flood-prone zones regularly. The application of a pub-
licly available 12.5-m resolution DEM is suitable for 
obtaining a quick generalized assessment of poten-
tially hazardous areas, as well as for calculating past 
debris flows.

CONCLUSIONS

In this work, we have assessed the possibility to 
apply chain modeling for calculating the debris flow 
in the Barsemdara River valley in 2015, including 
models for calculating the debris flow characteristics 
at the site and while moving along the valley. We 
have used transport-shift model to calculate the de-
bris flow characteristics at the site. A distinctive fea-

ture of this model is the ability to estimate the incre-
ment of solid material during the formation of a de-
bris flow and the relative simplicity of the input 
information, which is especially important in condi-
tions of insufficient data.

We improved the model via adding the calcula-
tion of the flow velocity according to the equation 
suggested by Yu.B. Vinogradov and of the time of the 
wave passing. These improvements made it possible 
to obtain physically substantiated discharge hydro-
graphs for the first three most destructive flow waves. 
We further conducted the valley zoning using the hy-
drodynamic model FLO-2D. Transport-shift model 
outputs – discharges of forefront wave (scenario I) 
and at the site outlet (scenario) – were used as input 
hydrographs. As it was impossible to conduct labora-
tory experiments to refine the parameters in the for-
mulas for calculating the plastic friction stress and 
flow viscosity, we carried out experimental calcula-
tions with five options of parameter sets. Thus, the 
discharge values with set b (Table 3) at top of the de-
bris cone varied from 1494 to 2860 m3/s for the first 
and third waves (scenario I). The highest forefront 
wave discharge (3297 m3/s) was obtained with pa-
rameter set c for the third wave. Discharges for the 
first and second waves were slightly lower (1433 and 
1378 m3/s). Discharges obtained using parameter set 
b (scenario I) varied between 556 and 2181 m3/s in 
the section of debris cone. Though the discharge val-
ues calculated with this set of parameters are overes-
timated as compared with video-based estimates, the 
authors believe that parameter set b is more probable 
for a particular debris flow.
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Given the resolution of the satellite-based DEM 
(12.5  m) used in the calculations, the flood zone 
turned out to be much larger than the actual data ob-
served in 2015. This discrepancy of field and model-
ing data is explained by the generalization of local 
topographic features on satellite data of such a resolu-
tion. We have therefore performed an additional 
modeling with the use of UAV data collected in 2019 
as input data. The results of calculations illustrate the 
flood zone during the passage of a debris flow of simi-
lar intensity over the modern topography. For the pa-
rameter set b, the debris flow is completely concen-
trated in the channel down to the top of the debris 
cone with subsequent spreading. Modeling with the 
parameter set c indicates that not only the debris 
cone but also houses near the Barsemdara River 
channel will be in the flood zone. In general, our re-
sults attest to the applicability of the considered 
chain of mathematical models for the assessments of 
flood zones.
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