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Abstract: Flooding events have been negatively affecting the Republic of Kazakhstan, with higher
occurrence in flat parts of the country during spring snowmelt in snow-fed rivers. The current project
aims to assess the flood hazard reduction capacity of Alva irrigation system, which is located in the
interfluve area of Yesil and Nura Rivers. The assessment is performed by simulating spring floods
using HEC-RAS 2D and controlling the gates of the existing system. A digital elevation model of the
study domain was generated by integration of Sentinel-1 radar images with the data obtained from
bathymetrical survey and aerial photography. Comparison of the simulated inundation area with a
remote sensing image of spring flood in April 2019 indicated that the main reason for differences was
due to local snowmelt in the study domain. Exclusion of areas flooded by local snowmelt, which were
identified using the updated DEM, from comparison increased the model similarity to 70%. Further
simulations of different exceedance probability hydrographs enabled classification of the study area
according to maximum flood depth and flood duration. Theoretical changes on the dam crest as
well as additional gates were proposed to improve the system capacity by flooding agriculturally
important areas, which were not flooded during the simulation of the current system. The developed
model could be used by local authorities for further development of flood mitigation measures and
assessment of different development plans of the irrigation system.

Keywords: flood hazard; hydraulic modeling; digital elevation model; remote sensing; Kazakhstan;
operation of gates

1. Introduction

Riverine floods are one of the destructive and complex natural phenomena that are
accompanied by significant negative social, economic and environmental consequences [1].
It has been estimated that floods account for one third of all geophysical hazards in the
world [2]. According to Shahabi et al., Haltas et al. and Tellman et al. [3-5], extreme
weather conditions, rapid urbanization, growing floodplain settlements, poor watershed
management and inadequate response to natural disasters are the main causes of ris-
ing flood-event-related losses. Huang et al. [6] state that the mechanisms of flooding
have become more complicated under anthropogenic influence and climate change. These
conclusions are confirmed by the catastrophic floods that swept Germany, Belgium, Switzer-
land and the Netherlands in summer 2021, and the risks associated with these events are
predicted to increase in the future due to several reasons, such as climate change, anthro-
pogenic modifications of landscapes and other socio-economic factors [7]. The Republic
of Kazakhstan is in the flood-affected countries list, with 1010 settlements having flood
risk [8]. This natural hazard presents an annual pattern, and the highest risk is caused by
spring snowmelt. In the last 15 years, there have been more than 300 floods in Kazakhstan,
more than two thirds of which were caused by spring snowmelt [9]. The recent flooding
events during spring snowmelt have mainly affected Aktobe and West Kazakhstan Regions,
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causing hundreds of people to evacuate and financial losses in the state budget. However,
as the news from Turkestan Region in spring 2022 illustrates, pluvial floods can also cause
significant flood risk to some settlements. Flooding is also a problem for the capital city
Astana and the settlements in its suburban zone. The most active population growth in
the country and construction of facilities in the floodplains of Nura and Yesil Rivers have
significantly increased the flood risk. Water resources of these rivers are the major source
for coping with intensive growth of the city. The research area is located on the interfluve of
two large rivers, Nura and Yesil, within the suburban zone of Astana. A complex of natural
(topographic, climatic and hydrological conditions) and anthropogenic (regulation regime
for hydraulic structures, the state of protective structures) factors result in a flood hazard
here [10]. Among the different hydraulic structures in this interfluve area, the study focuses
on Alva liman (“liman”: temporary flooding of land with spring snowmelt to increase
crop yield) irrigation system. It stays closed during most of the spring flood season and is
opened only at the end for collection of water for later agricultural use. Considering the po-
tential flood hazard, use of this existing water infrastructure for flood hazard reduction can
provide additional benefits to local authorities during a flooding event. The present study
aims to assess the capacity of Alva irrigation system by controlling its gates. Therefore,
this study involves mainly flood hazard assessment combined with operation of hydraulic
structure gates.

Due to worldwide occurrence of flooding events and a range of flood types (coastal,
riverine, urban, flash, etc.), flood hazard assessment studies are still a hot topic. In general,
flood hazard is defined as a threatening event, including its probability of occurrence [11],
and hazard assessment is one of the flood risk assessment steps in addition to exposure
assessment, vulnerability assessment and risk assessment [12]. The available literature
indicates that flood hazard assessment is a key step in flood risk assessment as it evaluates
danger to people and territory due to flooding [12]. Flood hazard is assessed primarily
using the distribution in the study domain of the following flood characteristics: water
depth, flow velocity, etc. [11-13], and these characteristics can be derived using different
methods, such as hydraulic modelling [13-15], GIS [16-18], remote sensing [19-21] and
in combination with other methods [22-24]. Development of inundation water depth
enables estimation of damage/losses to the elements of a flood prone area [13]. Later, this
information can be used for evaluation of different protection measures and flood disaster
mitigation strategies. Ideally, flood disaster mitigation strategies should be based on a
comprehensive assessment of the flood risk combined with a thorough investigation of
uncertainties associated with the risk assessment procedure [25].

With development of computing power, parallel computing, availability of input data
of higher accuracy and growth of remote sensing data for calibration, use of hydraulic
models became popular. Currently, there are several hydraulic/hydrodynamic models
available, such as Iber, HEC-RAS, Mike 21, TUFLOW, SOBEK, BASEMENT and others.
These models simulate movement of water using mathematical equations that are based
on the principles of conservation of mass and momentum [26]. Each of them has been
assessed at different simulation conditions, with their own advantages/disadvantages.
Among the various hydraulic models available, HEC-RAS is gaining popularity with
recent developments starting from version 6.0. Its application purposes include flood
inundation mapping [27], urban flood risk analysis [28], 1D simulations [29], flash flood
modelling [30], dam failure [31], etc. For example, Madhuri et al. [28] assessed water depth,
structure risk and productiveness of different flood adaptation practices to reduce building
risk due to urban floods for climate change scenarios. Mustafa et al. [32] analyzed the
influence of various structure representation methods for urban flood modelling using
HEC-RAS 2D for the Toce River. Costabile et al. [33] used HEC-RAS 2D as a fully integrated
hydrologic-hydrodynamic model. In this paper, they performed benchmarking analysis of
rain on a grid approach of HEC-RAS 2D for simulation of storm-event hazard assessment.
Pathan et al. [27] assessed the influence of different mesh sizes on flood depth and extent
on River Purna. Munoz et al. [34] evaluated performance of HEC-RAS 2D and Delft3D-
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Flexible Mesh for simulating total water level (TWL) in Delaware Bay. Such simulations
need to consider several factors, such as river discharge, tide, surge, wind and wave-
induced water depth, and represent flood dynamics in coastal areas. El Shafy et al. [30]
applied HEC-RAS for identification of flash flood prone areas in coastal areas of Wadi
Reem Basin. Zeiger et al. [35] integrated SWAT and HEC-RAS for simulation of rain on
grid hydrodynamics at a basin scale. El Bilali et al. [36] applied an integrated methodology
based on Monte Carlo simulation, HEC-RAS 2D and HEC-LifeSim to model flood risk
probability due to a dam break event in Sidi Yahya Zaer, Morocco. Papaioannou et al. [37]
applied inhomogeneous bed roughness coefficients for simulation of a flash flood event in
2006 in Greece. The findings showed that uncertainty induced by the roughness coefficient
dominates the modeling approach (1D, 2D, combined 1D-2D).

The second approach of this study assessed the capacity of Alva irrigation system to
reduce flood hazard by controlling its gates. Operation of hydraulic structure gates and
optimization of operation are ongoing research topics and have been studied for many
different conditions. For example, Tinoco et al. [38] assessed operation management of
planned reservoirs for irrigation systems. The study consisted of conceptual modelling
of an integrated system and application of a parametrized method for optimization of
reservoir operation. He et al. [39] performed a study on reservoir operation for flood control
based on chaotic particle swarm optimization. Myo Lin et al. [40] applied model predictive
control to operate a multi-reservoir system with two control objectives, i.e., flood mitigation
and water saving, for a case study of Sittaung River. Kim et al. [41] introduced an effective
flood control measure using optimal operation of estuary barrage. Nguyen et al. [42]
developed a flood control operating strategy for a multi-reservoir system in the Vu Gia Thu
Bon catchment. Gois et al. [43] proposed a reservoir operation approach where both quantity
and quality aspects are considered using the multiobjective genetic algorithm.

As indicated earlier, this project aims to assess the potential of Alva irrigation system
for flood hazard reduction in the interfluve area of Yesil and Nura Rivers. Studies using
hydraulic modelling and operation of hydraulic structure gates have never been completed
for the Republic of Kazakhstan. Use of HEC-RAS 2D for operation of hydraulic structure
gates during a flooding event is not well covered in the existing scientific literature. In
addition, the developed model is characterized by the presence of a complex irrigation
system with 25 sluice gates. The results of the project have the potential to be used by local
authorities for assessment of different flood mitigation measures and development plans.
Operation of the Alva system’s gates could reduce flood hazard at a lower cost compared
to new structural measures as these gates exist but are not used for this purpose. Operation
of gates, which diverts part of the Nura River discharge into the interfluve area, can play a
crucial role in balancing the load in the Nura River, thus reducing hydraulic hazard in the
downstream area.

2. Materials and Methods
2.1. Study Site Description

The study area is located within the interfluve area of Yesil and Nura Rivers (Figure 1).
The peculiarity of this interfluve territory is the absence of a pronounced watershed de-
lineation, which results in overflow of water from hypsometrically higher Nura River
(345-349 m.a.s.l.) during flood periods into Yesil River valley (335-338 m.a.s.l.). These
rivers are characterized by a short-term spring flood (around 1-1.5 months), during which
up to 86-93% of the annual runoff passes, and a long dry period, which is characterized by
absence of runoff in some flat areas of the rivers during dry years. The interfluve area is
a valley-like depression up to 6 km wide with a general slope towards Yesil River. Water
discharge from Nura to Yesil Rivers occurs through the temporary channels of Sarkyrama,
Kozygosh and Mukyr. Since 1959, the interfluve has been actively transformed by con-
struction of irrigation system and dams, which blocked the former channels (Sarkyrama,
Kozygosh and Mukyr). This territory was originally used for irrigation of floodplain mead-
ows and irrigated agriculture [44]. In the last high-water period (2015-2019), due to the
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impact of spring floods on the interfluve area, many settlements were flooded, causing
significant economic damage. To protect the population, new dams were urgently built;
consequently, the territory was practically not used for agricultural production. There are
17 settlements in this area, which cover the territory of 8 rural districts of the Tselinograd Re-
gion: A kmol, Nuresilsky, Karaotkelsky, Kosshinsky, Arailinsky, Rakymzhan Koshkarbaeva,
Talapkersky, Kabanbai Batyr. The total population is 96,140 people, 52.7% of which belong
to the urban population. The total modelling area comprised 59,560 hectares, including the
section of Nura River starting from the Preobrazhenskiy waterwork till Birlik settlement
(Figure 1).
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Figure 1. Location of the study area in the interfluve of Yesil and Nura Rivers.

2.2. Input Data Collection and Preparation

Figure 2 below illustrates the methodological workflow used in this research, involving
processing of input data, development of hydraulic model, etc.
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Figure 2. Methodological workflow for flood hazard estimation used in this study.

Water release data from the Preobrazhenskiy waterwork as well as the mode of
operation of existing hydraulic structures were obtained from the Akmola branch of the
Republican State Enterprise “Kazvodkhoz”. The latest data on hourly releases from the
Preobrazhenskiy for the spring flood period were available for April 2019 (Figure 3). Land
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cover data were obtained upon request from the Akimat of Tselinograd Region (Figure 4),
and initial roughness values were assigned based on HEC-RAS manual.
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Figure 4. Land cover map.

To study the river network of the interfluve area, methods of remote sensing were
used. Multi-temporal and multispectral satellite images from the Sentinel-2 (2020) and
PlanetScope (2020) spacecraft were deciphered [45,46]. The main methods of remote
sensing and geoinformation mapping were methods of controlled clustering, methods for
determining water bodies (normalized difference water index (NDWI) [47] and methods for
assessing spatial changes in objects, including water bodies (change detection) [48]. Based
on application of the NDWI and change detection, territories prone to flooding during
spring flood in different years and a comparative spatial analysis of the flooded areas was
performed [49].

2.3. Hydraulic Structures in the Study Area

Preobrazhenskiy waterwork, located on the Nura River, has a capacity of 2 million
m? and started operation in 1973 (Figure 5). Its main purpose is to provide technical water
to capital city Astana and water for irrigation of nearby territories. The structure is of a
transitional type, so it is not intended to store large volumes of water during the spring
snowmelt but to reduce the peak of the flood. However, with a significant inflow of water
to Preobrazhenskiy, operators are forced to discharge water in significant volumes (up to
2600 m3/s). Such releases pose a high risk of flooding to downstream areas as well as to the
interfluve of Nura and Yesil Rivers, for which it is necessary to take flood hazard minimization
measures and to protect settlements and infrastructure from negative impacts.
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Figure 5. The main hydraulic structures in the interfluve of Nura and Yesil Rivers: Alva irrigation
system (gate numbers 1-48), Preobrazhenskiy waterwork (top), photos of Alva irrigation system
gates (bottom).

Alva irrigation system began to be exploited in 1965 and has an area of 12,856 hectares.
It includes 17 dams with a total length of 108.2 km and 30 spillways. The dams are earthen,
their maximum height varies from 2.7 to 5 m and the average width is 3-4 m (maximum
5.8 m). Dams are quickly eroded and deformed, requiring constant backfilling. In 2018-2019,
the gates of the system were reconstructed to resume its operation. Figure 5 illustrates the
layout of the system and the location of its gates. Due to the irrigation purpose of the system,
it remains closed during most of the spring flood season and collects water only at the end
of this period. Since the gates of this system are closed, flood waters bypass the dams and
can inundate large areas, whereas, if they were operating, it might be possible to store water
downstream the dams.
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2.4. Creation of a Digital Elevation Model (DEM)

For 2D flood modeling in HEC-RAS, generation of an accurate DEM is a prerequisite.
DEM is used to define the geometric and hydraulic properties of 2D cells and cell faces. For
this purpose, radar images of the Sentinel-1 satellite, processed by the multipass interfero-
metric method in the European Space Agency Sentinel Application Platform (ESASNAP)
desktop program, served as the basis for DEM [50] (Figure 6).
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Figure 6. Areas covered with different elevation data sources used for generation of refined DEM
used for modelling.

As a result of processing, DEM with a spheroidal vertical system and a spatial res-
olution of 10 m was obtained [51]. Because the study area is flat, the height difference
does not exceed 140 m and the absolute excess of the floodplain level above the water
level in the riverbed during low water period will not reach 4.5 m; the vertical accuracy
of the DEM of 10 m is unacceptable for modeling flood risk. Refinement of DEM in the
main parts of the study area was carried out based on the data of absolute marks from
topographic maps, reference network obtained as a result of field measurements with
the Spectra Professional 60 GNSS receiver, aerial photography and cameral processing
of field materials. Detailing of floodplains of rivers and channels and the locations of
hydraulic structures was carried out based on aerial photography with the DJI Phantom
4 Multispectral multi-rotor Unmanned Aerial Vehicle (UAV) using the post-processing
kinematic (PPK) method [52]. Survey with UAV was carried out within river valleys, which
included channels and hydraulic structures with a total of 26,810 photographs. Processing
of UAV image was performed using the software Agisoft Photoscan. Aerial photography
data of water bodies were supplemented with processed bathymetric survey data obtained
during field surveys. Maps of water depth data for water bodies were built for a total
length of 33.7 km. Three input data (basis DEM, UAV data and bathymetric data) were
combined using the Mosaic tool of ArcGIS 10.6 by setting higher resolution data to have
higher priority during refined DEM generation. The result was a DEM with a spatial
resolution of 1 m (Figure 7), which was used for modelling purposes.



Computation 2023, 11, 27

8 of 23

P lsn

Karaotkel%

TASS
[/

s
2

Otemis

Birlik ]’ -

>, Otautusken
Height scale in meters
(in the Baltic system)

Figure 7. Refined DEM used for modeling (upper part), comparison of refined DEM and original
DEM from Sentinel (lower part).

2.5. Hydraulic Model Development with HEC-RAS

In the current research, simulation of spring flood events in Nura River is accomplished
using HEC-RAS hydrodynamic model. This is a free software developed by the US Army
Corps of Engineers (USACE) [53]. It has the capacity to perform one-dimensional steady
and unsteady flow modelling, 2D unsteady flow modelling and combined 1D-2D unsteady
flow routing, sediment transport/mobile bed computations and water temperature/water
quality modelling [54]. For simulations in this research, two-dimensional HEC-RAS was
used. The main reasons for this choice were: mild slope of the area, absence of clear flow
directions in the river valleys and inability of 1D model to represent flow in such complex
conditions. In addition, Ghimire et al. [55] found that 2D model with the same sets of
geometric conditions and flow conditions provided better results than 1D and coupled
1D/2D. HEC-RAS 2D computes flow rate for a cell boundary using hydraulic properties
of the grid and water depth of neighboring cells [54]. Two-dimensional simulations use
implicit finite volume algorithm. In comparison to explicit method, implicit method enables
a larger computational time step and has improved stability and robustness over traditional
finite difference and finite element techniques [56]. All the computations were performed
using the diffusion wave equation, which does not consider inertial terms of the momentum
equation in the flow field and, therefore, does not require greater computational power
and long simulation time as full shallow water equation. This equation allows the program
to run with greater stability properties and has the capacity to simulate many modelling
applications comparably to full shallow water equation [56]. In addition, the available
observed data are insufficient to adequately assess the amount of data that would be
produced from the full shallow water equation [57]. HEC-RAS applies sub-grid approach
for bottom elevations, which allows for physically based, accurate and stable treatment
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of wetting and drying processes on very irregular topographies [58]. If typical 2D flood
models use a cell size at the scale of meters and time steps that are seconds to accurately
represent the complexity of river hydrodynamics, sub-grid approach allows the modeler
to use much larger grid size and consequently longer time steps [59]. HEC-RAS 2D uses
spatially varying Manning’s roughness coefficients to calculate the flow velocity [59]. A
computational mesh was set up at 50 m size to describe the study area, which resulted
in 245788 cells overall. 50 m mesh was found to be optimal in the previous study by
Ongdas et al. [60] for an area with similar characteristics. The model includes Nura
River from Preobrazhenskiy waterwork and covers all the gates of Alva irrigation system
(Figure 1). The former channels of Nura River, namely Mukyr, Sarkyrama and Kozygosh,
are also included in the model. The mesh geometry was modified using the breaklines
that are derived based on the DEM of the study area. Extra attention was paid to correctly
represent all the local high grounds, which would act as barriers for flow during the flood
event. The slope for outflow boundary conditions was estimated from the DEM as inflow
boundary condition release from the Preobrazhenskiy waterwork is assigned.

2.6. Model Calibration

Model calibration is an important step during model creation. This step will test the
performance of the model against the observed data. In addition, it is possible to improve
the accuracy of the model by applying various coefficients. The main calibration parameters
in this study were the roughness coefficients of the respective land cover map (Figure 3).
The roughness coefficients of land cover types were calibrated for the case of high flow
from April 2019. The model is manually calibrated to obtain a suitable set of roughness
coefficients for different zones within the acceptable value range in HEC-RAS manual. The
simulated flood zone was compared with a high-resolution PlanetScope satellite image
(resolution of 3 m) for 10 April 2019. Model accuracy is evaluated using the following

equation [61,62]:
A
F_<A+B+C)*1OO @

where A is the area correctly predicted to be flooded (wet in both observations and simula-
tions), B is the area overestimated (dry in observations but wet in simulations) and C is the
underestimated area of flooding (wet in the observed but dry in the simulations) [63,64].
The F coefficient indicates the level of similarity between the observed and simulated
inundation area, with value 100 showing perfect similarity.

2.7. Operation of the Gates in the Alva System

HEC-RAS has an option for scripting operation of hydraulic structures in 2D domains,
allowing specific flood control procedures to be applied [64]. There are in total 25 gates in
Alva irrigation system, and rules of operation have been assigned to all of them. During
the field survey in the summer of 2021, all gate parameters (opening width, height, etc.)
were recorded. In addition, with the help of an UAV, aerial images of all dams were taken,
which were subsequently included in the DEM of the study area. As a result, the final DEM
had an accurate representation of Alva irrigation system and its gates. Operation of the
gate corresponded to the rule set specified in the Unsteady Flow Editor:

‘rp26-1' = Reference Points: WS Elevation(rp26-1, Value at current time step)

‘rp26-2" = Reference Points: WS Elevation(rp26-2, Value at current time step)

If (‘rp26-1' > Elevation 1) And (‘rp26-2' < Elevation 2) Then

Gate.Opening(Gate 26) = 0.89

Else

Gate.Opening(Gate 26) = 0

End If

In the rule above, rp26-1 and rp26-2 represent the reference points assigned upstream
and downstream of gate 26; Elevation 1 and Elevation 2 represent the threshold water
surface elevation (WSEL) values assigned for each gate considering the topography and
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gate parameters. The reference point values were assigned based on an updated DEM. In
the beginning of the scenario, the gates are kept closed, and, as the rule above suggests,
they are opened only when the WSEL at the upstream reference point reaches a certain
level; moreover, WSEL at the downstream reference point should be lower than a certain
level. For ease of operation, the gates are opened and closed fully.

2.8. Model Scenarios

The flood hydrograph from April 2019 corresponded to 10% exceedance probability
hydrograph. After calibration of the model with this year, other scenarios were simulated
with the calibrated parameters, which corresponded to 1%, 25% and 50% exceedance
probability. The selected scenarios reflect the main features of the regime and changes
in water content of the Nura River. The initial simulations considered the gates of the
Alva system to be closed during these events to represent the real operation conditions.
Afterward, the capacity of the Alva system was evaluated by simulation of the same
scenarios, with gates operating according to operation rule above. These scenarios were
completed on the DEM, which represents the current conditions.

The following scenarios were theoretical, where elevation of dams’ crests was increased
(i.e., DEM was modified) in addition to insertion in the model of several new gates and
culverts (5 additional gates and 2 culverts). With this new model, 4 scenarios with gates
closed and 4 scenarios with gates working were simulated. Overall, there were 16 scenarios
that were used for assessment of flood hazard reduction capacity of Alva irrigation system.

3. Results
3.1. Model Calibration

Figure § illustrates the actual inundated area during the spring snowmelt on the 10th
of April 2019, which was obtained by processing a PlanetScope satellite image. PlanetScope
satellites have four spectral channels in the visible band and near-infrared. Thematic
processing of remote sensing data consisted of extraction from the multispectral image
classes of objects attributed to hydrography by calculation of NDWI [47]. NDWI is an index
for identifying and monitoring surface water changes. The algorithm for hydrographic feature
extraction consisted of processing satellite images using the above method and automated
interpretation in ArcGIS 10.6. The raster images were then converted into vector files.

Birliki >

ik§
N

LEGEND
Flood zone for 2019

Figure 8. The actual area of flooding of the study area according to digitization of the PlanetScope
satellite image from 10 April 2019.
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Calibration of roughness coefficients related to land cover classes resulted in an in-
crease in F coefficient from initial 50% to 52%, which is relatively low. The calibration
showed that the most sensitive parameters correspond to those land cover layers that oc-
cupy the largest areas, as shown in Table 1. Figure 9 demonstrates the simulated inundation
area and observed inundation area. As can be observed, the main underpredicted areas
(flooded in satellite images but dry in model result) are located on the left bank of Nura
River and northeastern part of the interfluve near the village of Karazhar (Figure 9a). Close
inspection of the digitized flood inundation area according to the remote sensing image
indicated that some territories located at a higher elevation and protected by dams were
also flooded, indicating the influence of other factors than river water. The overlay of these
maps on DEM showed that the actual flooding of the higher left-bank part of the Nura
River valley is primarily associated with snow melting from the slopes of the denudation
plain (Figure 9b). As for the absence of water in the flat part of the interfluve near Karazhar, it
is associated with retention of water by longitudinal shafts of a multi-tiered system of limans.

Table 1. Land cover classes and calibrated roughness coefficients.

Land Cover Class Manning’s Coefficient Area (km?) % of Total
settlements 0.08 19.96 3.35
water body 0.05 9.63 1.62

wetland 0.04 40.06 6.73
forest 0.1 8.97 1.51
arable land 0.03 4343 7.29
fallow 0.045 2.95 0.50
pasture 0.035 237.72 39.91
hayfield 0.035 232.87 39.10
total 595.60 100.00
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Figure 9. Comparative analysis of the flooding areas from a satellite image model (a), on a digital
elevation model (b).

3.2. Models with the Current DEM

Figure 10a-h illustrates the results of simulation of 1, 10, 25 and 50% exceedance
probability hydrographs with closed and operating gates of the Alva system. The total
flood inundation area from the 100-year return period flood when the gates are closed was
312.0 km? (Figure 10a). In the case of simulating the same event but with operating gates,
the total flooded area was only 1 km? more, indicating almost no significant difference
from the operation of gates (Figure 10b). Geographically, opening affected only the partial
flooding of the area located to the west of Karazhar and was associated with opening of the
gates in the enclosing dams.
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Figure 10. Flood inundation area during spring floods of different exceedance probability: 1% (a,b),
10% (c,d), 25% (e,f), 50% (g,h) with closed gates and with operating gates.
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When the real event from April 2019 (10% exceedance probability) was simulated with
operating gates, total flooded area increased by 16 km? (6.34%) (Figure 10d) in compari-
son to the scenario with closed gates (Figure 10c). Moreover, territorially, these changes
affected flooding of territories located on Kozygosh Channel in the northeastern part of
the interfluve. The area of flooding during 25% exceedance probability event with closed
gates turned out to be 24.0 km? (Figure 10e) less than with controlled gates (Figure 10f).
Geographically, the difference is associated with flooding of territories along Sarkyrama
Channel due to opening of the gates. At the same time, in both cases, most of the territory
of the former fish hatchery is not flooded due to the absence of gates. Simulation of 50%
exceedance probability hydrograph with closed gates resulted in flooding of 123.99 km?
(Figure 10g), whereas, with operating gates, such area increased by 7.53 km?. This dif-
ference is mainly associated with the flooding of the area between Kozygosh and Mukyr
Channels in connection with the opening of the gates on the separating dams as, during
this and previous events, water level upstream of some dams is not high to overflow but
high enough to open the gates; controlling the gates resulted in a larger flood area than with
the closed dams. A comparative analysis of flooded territories during the above scenarios
is shown in Table 2.

Table 2. Flood inundation areas at different scenarios.

Flooded Area at Different Exceedance Probability

Modeling Conditions Hydrographs (sq. km)
1% 10% 25% 50%
Closed gates 312.0 218.0 177.0 1239
Operating gates 313.0 234.0 201.0 131.5
Area difference 1.0 16.0 24.0 7.5

Modeling made it possible to estimate the maximum depths during the simulation
scenarios (Figure 11a—d, Table 3). An analysis of the flood depth by seven classes demon-
strated that 91 to 95.4% of the territory will be flooded with depths of up to 3 m. The largest
areas are covered by depths of 0.5-1.5 m when the gates are closed as well as when they are
operating. The extent of such depths increases with an inverse dependence on exceedance
probability. If, in the case of 100-year return period, such depth occupied 37.7% of the
flood area, at 10 and 50% exceedance probability scenarios, it increased to 41.3% and 45.7%,
respectively. The smallest flooding depths (up to 0.5 m) are typical for 16.3-32.3% of the
territory with closed and 16.5-32.7% with operating gates. Depths from 3 to 5 m are typical
for water bodies, and more than 5 m are located mostly in the channels of flooded rivers
and quarries for extraction of sand and gravel. As can be seen in Figure 10c,d, during this
scenario with operating gates, large areas are flooded, especially in the northeastern part of
the interfluve.

Another important modelling result that has importance for agricultural use of the
Alva system is the duration of inundation (Figure 12, Table 4). According to Alva irrigation
system’s technical specification, it is important that water is kept there between 7 to 14 days
in order to obtain good yield. The calculated areas according to the duration of inundation
illustrate that, in most of the territory (53.0-67.8%), both with regulated and closed gates,
under various scenarios, water will stay 7-14 days (Table 4). It also should be noted that
there is also a slight increase in areas up to 7% with controlled gates.
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Figure 11. Maximum depth distribution during 100—year (a,b) and 10-year (c,d) return period

hydrographs with closed gates and controlled gates, depth in meters.

Table 3. Distribution of areas according to flood depths during different flood hydrographs, sq. km.

Modeling Conditions Depth, m 1% 10% 25% 50%
0-0.5 51 (16.3%) 44.7 (20.5%)  38.5(21.7%)  37.7 (30.4%)
0.5-1.5 117.7 (37.7%)  90.2 (41.4%) 81.1(45.7%) 56.6 (45.7%)
Closed gates 1.5-3 115.6 (37%) 67.6 (31%)  48.3(27.2%) 23.8 (19.2%)
3-5 24.4 (7.8%) 13.6 (6.2%) 8.0 (4.5%) 4.8 (3.9%)
5-15 3.8 (1.2%) 2.1 (1%) 1.7 (0.9%) 1.1 (0.9%)
Total 312.4 218.2 177.5 124
0-0.5 51.7 (16.5%)  51.3(21.9%) 51.3(25.5%) 43.0(32.7%)
0.5-1.5 118.1 (37.7%)  98.7 (42.2%) 91.5(45.4%) 58.4 (44.4%)
Operating gates 1.5-3 115.3 (36.8%) 68.2(29.2%) 49 (24.3%)  24.1(18.3%)
3-5 24.2 (7.7%) 13.7 (5.9%) 7.9 (3.9%) 4.9 (3.7%)
5-15 3.7 (7.7%) 2.2 (5.9%) 1.7 (0.9%) 1.1 (0.8%)
Total 313 234 201.5 131.5
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Figure 12. Distribution of flood duration during 10% exceedance probability flood hydrograph with
closed gates (a) and operating gates (b).
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Table 4. Flooded areas with different inundation duration, sq. km.
Modeling Conditions Days (h) 1% 10% 25% 50%
0-7 (0-168) 22.7 16.9 13.99 8.1
Closed gates 7-14 (168-336) 166.6 140.8 119.9 79.9
14-20 (336-480) 121.9 59.5 429 35.4
0-7 (0-168) 225 17.1 24.4 14.1
Controlled gates 7-14 (168-336) 165.1 156.0 133.2 81.3
14-20 (336—480) 124.2 59.8 429 35.4

3.3. Model with the Theoretical Changes (Modified DEM and Additional Gates)

Simulation results of the 1, 10, 25 and 50% exceedance probability hydrographs on the
modified DEM with additional gates and culverts are illustrated in Figure 13 and Table 5.
It should be noted that optimization of the Alva system with addition of new culverts has
shown its efficiency. This is clearly observed in the area of the fish hatchery, which was
not flooded in the models with the current irrigation system condition. Spatially, the main
changes in flooding relate to the northern and northeastern part of the interfluve, which are
associated with insufficient water at 25 and 50% of the runoff. Here, with a 50% exceedance
probability event, water will not even flow through the supply channel to Lake Zhalanash.

LEGEND
| Inundation Boundary 1% with the gates working (project) S=323 sq. km

0 4 8 16 km

LEGEND
Inundation Boundary 10% with the gates working (project) $=229 sq. km

0 4 8 16 km

%

Birlik; 22,

LEGEND
[ ‘ Inundation Boundary 25% with the gates working (project) S=174 sq. km

| e s m e |
0 4 8 16 km

(b)
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i | Inundation Boundary 50% with the gates working (project) S=131.7 sq. km

0 4 8 16 km

()
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Figure 13. Inundation areas during simulation of different hydrographs using the modified DEM:

(@) 1%, (b) 10%, (c) 25%, (d) 50%.
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Table 5. Flooded areas according to design data at discharges of different probability.
Areas of Flooding at Hydrographs of Various
Modeling Conditions Probability (sq. km)

1% 10% 25% 50%

Closed gate 320.7 222.9 162.8 117.8

Controlled gate 321.7 229.5 174.4 131.7

Area difference 0.99 6.6 11.6 13.9

Table 6 shows the distribution of areas according to maximum flood depth. In this case
as well, the maximum areas were covered by water depth of 0.5-1.5 m for all scenarios, both
with closed and operating gates, and the percentage of such areas from the total inundation
area varied between 36 and 48%. At 1% and 10% scenarios with closed gates, maximum
flood depth of 1.5-3.0 m covered 36-36.3% of flooded territory, whereas, at 25 and 50%
scenarios, such depths covered 23.3 to 24% of the inundated land. It should be noted that,
overall, when the gates are operating, the flooding depths are reduced.

Table 6. Areas covered by different maximum flood depths at different scenarios modelled on

modified DEM.
Modeling Conditions Depth, m 1% 10% 25% 50%

0-0.5 505 (15.7%)  44.4 (19.9%)  39.0 (24%)  26.2 (22.3%)
05-1.5  115.7(359%) 81.0 (36.3%) 56.5 (34.7%) 60.9 (51.7%)

Closed gate 153 101.1 (31.4%)  63.1(28.3%)  37.5(23%)  23.5 (20%)

3-5 50.9 (15.8%)  32.0 (144%) 279(17.2%) 5.8 (1.1%)

5-15 4(1.2%) 24(11%)  19(12%) 1.2 (1.1%)
0-0.5 512 (16%)  46.2(20.3%) 31.9 (185%) 37.1 (28.4%)
05-15  116.1(364%) 83.1(36.6%) 71.6(41.5%) 63.2 (48.5%)

Controlled gate 1.5-3 101.1 (31.7%)  65.7 (29.9%) 40.7 (23.6%) 24 (18.4%)
35 50.8 (15.9%)  32.1 (14.1%) 284 (164%) 6.1 (4.7%)

5-15 4 (1.3%) 24(11%)  19(11%)  1.2(0.9%)

Figure 14 illustrates the maximum flood depths during hydrograph simulation from
April 2019 on modified DEM. Here, with operating gates, almost 99% of the territory is
occupied by depths up to 5 m. Of these, up to 0.5 m water depth is found at 20.1% of the
inundated area, which is mainly at the northern and northeastern outskirts of the interfluve.
The majority (36.2%) of the flooded area is occupied by a depth of 0.5-1.5 m; these are
the territories of Alva irrigation system. Depths from 1.5-3 m and 3-5 m are typical for
interfluve water bodies, which occupy 28.7 and 14% of the flooded land, respectively.

Analysis of flood duration data indicates that 57.3 to 67.3% of the simulation area with
closed and operating gates is under water for 7-14 days (Figure 15, Table 7). The soils of
these territories received optimal watering conditions, which enables an increase in the
yield of natural hayfields. As Figure 15 suggests, longer flooding is typical for the lower
river floodplains. These features of the flood depth distribution are well illustrated on the
simulation map of 10% exceedance probability below.
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Figure 15. Flood duration map of the 2019 flood hydrograph simulated on DEM with changes (project
scenario).

Table 7. Flood duration of different scenarios simulated on modified DEM.

Modeling Conditions Days (h) 1% 10% 25% 50%
0-7 (0-168) 24.136 21.931 14.758 7.112
Closed gate 7-14 (168-336) 187.061 141.914 105.870 75.994
14-20 (336-480) 109.911 58.105 41.469 34.076
0-7 (0-168) 23.986 24.888 15.298 16.766
Controlled gate 7-14 (168-336) 184.680 145.015 116.932 80.220
14-20 (336—480) 113.408 58.580 41.494 34.076

4. Discussion

Calibration of the model using the satellite image of the flood from April 2019 did
not significantly improve the model performance, resulting in model similarity of 52%.
The modeling approach used in this project is not considered to be the reason for such
performance of the model. For example, the applied diffusion wave model, according
to the literature review, has limitations only for urban areas, and, for such a hydrograph,
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should provide reasonable results [65,66]. In order to understand the reason for such an
outcome, it is necessary to understand the flooding mechanisms of this territory. As was
mentioned earlier, the main reason for floods in this area is spring snowmelt, when the
snowpack formed during the cold season begins melting due to air temperature warming.
The flood of 2019 along the Nura River at the site of the Preobrazhenskiy waterwork
began in the beginning of April and lasted until 17 April. The maximum release from the
Preobrazhenskiy was 1036.8 m? /s, which occurred between 6 and 8 April (Figure 2). An
analysis of the flood inundation areas based on PlanetScope satellite images and use of
the NDWI index showed that the maximum flooding of the interfluve area occurred on
April 10 (Figure 8). This delay is due to not only the speed of the flood wave reaching
the territory of the interfluve but also because mass snow melting began due to a sharp
increase in air temperature. Positive temperatures in the study area began on 23 March
(Figure 16), but a sharp increase in temperature occurred on 5-6 April, which was reflected
in the maximum release of the flood wave on 6-8 April [67]. The final melting of the snow
occurred during the second sharp rise in air temperature to 15 °C from 9 to 12 April, which
is associated with the maximum inundation of the interfluve area.
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Figure 16. The course of the hydrograph of the spring flood in 2019 along the site of the Preobrazhen-
skiy waterwork; the course of maximum and average daily air temperatures at the weather station in
Astana from 30 March to 19 April 2019.

Therefore, the maximum flood inundation area, which was used for calibration, was
influenced by water release and additional snowmelt in the study domain, resulting in low
similarity of the simulated flooded land. In order to check the model performance without
the influence of local snowmelt, the areas where water release from the Preobrazhenskiy
cannot reach were removed from the digitized satellite image. These locations mainly
consisted of areas downstream the dams on the left bank of Nura River and areas that
are topographically located in a higher elevation. Such territories will not have been
flooded in the case of such water release from Preobrazhenskiy waterwork. Comparison
of modelled inundation area with this remote sensing image resulted in model similarity
of 70%, which is a good approximation and indicates that, without the influence of local
snowmelt, the model provides acceptable results. The results of the current work contribute
to the overall studies related to hydrodynamic modelling of valley rivers in Kazakhstan.
Due to hydrologic characteristics (large contribution of snowmelt), topographic conditions,
limitations on data availability and other factors, hydraulic modelling studies in Kazakhstan
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and central Asia in general are uncommon. Previous work by Ongdas et al. [60] identified
flood hazard maps, whereas the current study integrated control of hydraulic structure
gates into flood hazard evaluation. Even though there is 70% similarity between the simulated
flooded area and the flooded area according to the remote sensing image, it is necessary to
point out the limitations of the current study, which have affected the model performance:

1. The volume of flood waters during the simulation period for April 2019 amounted
to 807.6 million m3, while the accommodating capacity of Alva irrigation system in
accordance with the technical passport was 201.6 million m®. Even though the flood
volume is significantly higher than the capacity of the irrigation system, the study
focused on assessment of the system’s capacity to influence the inundation area.

2. As DEM refinement was performed only on floodplains close to the river, anthro-
pogenic infrastructure (such as highways) not close to the river was not included.
According to Papaioannou et al. [68], uncertainties related to input data are one of the
main sources of uncertainty related to flood inundation modelling; especially, DEM
accuracy and roughness coefficients are the key ones. Alipour et al. [37] argue that, in
order to model flood peaks reliably, modelers need to spend resources calibrating the
floodplain roughness coefficients using fine DEM and grid resolution. As a result of
such refinement of DEM, high grounds that are not close to rivers, which can act as
barriers, were not included in the final DEM.

3. Inability to include snowmelt in the model is another limitation of the current model-
ing study. Snowmelt water is the main cause of high flow in this region in spring. The
proposed model did not consider available snow cover and runoff due to snowmelt
in the study area. The only input to the model was release from the Preobrazhenskiy
waterwork, although it was possible to determine the areas that could not be flooded
by this release using the DEM and to remove such areas before estimation of model
performance.

The results of modeling the existing multi-level Alva irrigation system under various
scenarios showed that, in general, the system cannot cope with high discharges (1%, 10%
exceedance probability flood hydrographs) from the Preobrazhenskiy waterwork, and,
at low flow rates (25%, 50% exceedance probability flood hydrographs), water does not
spread throughout the interfluve irrigation system. Analysis of the absolute heights of
water-retaining dams and irrigation system dams with outlet structures showed that, at
certain locations, the dams have been destroyed or dam crest was lowered due to erosion. At
the same time, in some areas, the outlet structures were located hypsometrically higher than
the enclosing ramparts, so the areas downstream the irrigation dams were not flooded. In
addition, the modeling showed that, in the existing system, there are not enough spillways
on some dams. Considering the modelling results with the current DEM and existing Alva
irrigation system, it was decided to simulate the performance of the Alva system if the
dams’ crests were elevated. Five additional gates and culverts were installed. As the results
suggest, there are differences in terms of inundation area, maximum flood depth and flood
duration. The designed model proposes a partial solution for preserving volume of spring
flood water. The volume of flood water during 50% exceedance probability event amounted
to 392.1 million m3, while the capacity of the Alva irrigation system is 201.6 million m?.
From the difference in volume, most of the water resources in transit pass further along
the Nura River. Because the estimated throughput capacity of the head facility on the
Nura River is 101.0 m®/s, 174.5 million m® will pass downstream Nura River during such
an event. That is, there is a problem of the need to save 16 million m?3 water, which also
includes irretrievable losses due to evaporation and infiltration, as well as environmental
flow for preservation of interfluve water bodies during a long low-water period. The
designed model proposes to send a part of the volume of flood waters to predetermined
depressions for further economic use. This is completed by inclusion of supply channels
that direct waters to following depressions in addition to deepening of these depressions.
First, it is proposed to deepen Lake Zhalanash (the depth of which is 2-2.5 m) and the nearby
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former delta lake, now Koskopa Swamp, by an additional 2 m. As a result, the volume of
Lake Zhalanash will reach 1.24 million m® and Koskopa Swamp 2.052 million m?.

5. Conclusions

The Republic of Kazakhstan has been experiencing flooding events in several regions,
and there is annual occurrence of flooding events during spring snowmelt. This study is
devoted to consideration of the possibility of reducing risk of spring floods in the interfluve
area of Nura and Yesil Rivers based on control of the sluice gates of Alva irrigation system
using HEC-RAS. Optimal operation of the Alva system gates has the potential to lower the
flood hazard at a cheaper cost without investing in new structural measures because these
gates exist but are not utilized for the purpose of flood hazard reduction. Several exceedance
probability hydrographs have been simulated in order to assess the capacity of the Alva
system with its gates closed and operating. Additional gates and culverts were added
to the existing system and elevations of some dams were increased to simulate potential
improvement in system capacity. Assessment of model results in terms of inundation area,
flood depth and duration of flooding revealed the following features:

e  Modeling of spring flood of 1% exceedance probability showed the impossibility of
managing such high flow by regulating the gates of the existing irrigation system;

e The flooded area increases with operating gates in the case of low flows. The lower
the return period of the flood hydrograph, the larger the difference in flooded area
between closed and operating gates;

e  Analysis of the temperature course for the simulated period (27 March-17 April 2019),
as well as the structural features of the Nura River valley and the relief of the left-bank
hills, made it possible to isolate the territories flooded under the influence of snowmelt;
removing them increased the model similarity with remote sensing data from 52%
to 70%.

e  Optimization of the irrigation system with addition of gates and elevating the dams
has demonstrated efficiency, which is clearly visible at the area of the hatchery, which
was not flooded in the models with the existing irrigation system;

e  Modeling has shown that the maximum areas are occupied by water depth of 0.5-1.5m
for all scenarios, both with closed and controlled gates;

Analysis of flood duration data indicates that 57.3% to 67.3% of the flooded area with
closed and controlled gates is under water for 7-14 days, which contributes to an increase
in the yield of natural hayfields.
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