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Abstract

Sedimentation processes in man-made water reservoirs reduce their main asset: the
volume storage capacity. This raises engineering, environmental and economic issues for the
communities around the world and in particular for the areas affected by strong water deficit.
Because of Uzbekistan’s arid climatic conditions and uneven spatial and temporal water
resources distribution, responsive and innovative water availability assessment surveys of all
major water reservoirs are required.

Bathymetric survey is a traditional method that is carried out for the estimation of
reservoir volumes and surface areas for the corresponding reservoir stages in order to assess
the water availability. Volume and surface area differences derived from multiple surveys of a
reservoir provide storage loss estimates over time due to sedimentation. However, two main
factors such as intensive field data measurement and post data-processing often limit the
frequency of these surveys. Alternatively, innovative depth measurement technologies
coupled with contouring and surface mapping programs provide automated reservoir volume
and surface area calculations. This significantly reduces time, work load and financial burdens
for reservoir sedimentation projects.

This study deals with the use of a geostatistical approach to assess the reservoir
sedimentation in the Akdarya reservoir in Uzbekistan. Geostatistical approach includes (semi-
) variogram analysis and interpolation (kriging and simulations (turning bands)) techniques
predicting values at unsampled locations for generating digital bathymetric surface models of
reservoir bottom conditions in order to calculate volume and surface area at given water
elevation. Simulation enables to have range of reservoir volumes and surface areas with the
same probability in comparison to the kriging and traditional methods. This gives a real
estimation of the water resource availability for operators and managers to sustainably
manage natural resources and hydraulic infrastructure.
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INTRODUCTION

Rationale, thesis structure and framework
Rationale

Water reservoirs play an important role in areas with limited and erratic precipitation
where water is stored and re-distributed later for different purposes. Irrigation is primarily a
major water consumer in arid countries of Central Asia (namely Kyrgyzstan, Tajikistan,
Kazakhstan, Uzbekistan and Turkmenistan) for the economic development, employment and
food security of the region. The major rivers of Central Asia (e.g. Amu Darya, Syr Darya, and
Zerafshan) are highly turbid watercourses.

Sedimentation reduces the main reservoir asset i.e. its volume capacity. In addition, vast
territories of the region’s countries have been transformed for agriculture to grow water
intensive crops such as cotton, rice and wheat during the Soviet Union that dramatically
accelerated soil erosion by water and wind. Thus many man-made water reservoirs are
affected by high sedimentation rates.

Under the market-oriented conditions, financial constrains have resulted in the decrease
of government assisted rehabilitation and maintenance works of hydraulic infrastructures
programs by several folds despite any water reservoirs have been constructed more than 20-
25 years ago and need substantial rehabilitation. For instance the majority of reservoirs have
been silted by sediments. Recent drought years urged authorities to re-estimate the water
availability in reservoirs of Uzbekistan for the sustainable use of the natural resources and
hydraulic infrastructure.

Thus there is urgency to adopt an innovative approach in bathymetric surveys for the
estimation of the reservoir volume loss of capacities due to sedimentation. New technologies
such as GPS (Global Positioning System), acoustic depth measurement systems and contour
mapping software have been proved to increase geo-referenced data, improve the accuracy of
data and most importantly to substantially decrease the expenses of the bathymetric studies. In
fact, since 2001 new geoinformation technologies have been used in bathymetric surveys in
Uzbekistan. Last but not least there is limited information on water reservoirs in the Central
Asian region in the international scientific literature.

Structure of the thesis

The thesis consists of six chapters and introduction. The introduction part discusses the
rationale of the study, research goal and objectives, innovations and the thesis structural
organization framework. The chapter 1 describes the sedimentation process in man-made
reservoirs in Central Asia and particularly in Uzbekistan. Sedimentation in reservoirs has
various technical, operational, environmental and economic impacts. The existing mitigation
and prevention strategies against sedimentation are discussed.

10



The chapter 2 outlines the results of the assessment on new technologies and current
sedimentation calculation methods used for bathymetric surveying; in particular depth
measurements procedures, geostatistical approach, variogram modeling and Kriging gridding
techniques.

The chapter 3 describes the study area and site characteristics. The chapter 4 presents
the materials and methods used in data collection, calculations and modeling. The chapter 5
discusses the main results on historical data, variogram analysis, Kriging calculations and
simulation results. In addition, economic efficiency results are discussed too. Chapter 6
covers the discussion part of the study which is limitations of traditional depth measurement
instrumentations and methods, possible error sources for Geostatistical technique. The
perspectives and concrete recommendations for the implementation of Geostatistical method
and other new geoinformation technologies are suggested for quick and accurate water
resources availability assessments programs in Central Asia and in Uzbekistan.

Thesis framework

The Purpose of the study is the improvement of operational methods for the depth
measurement, the application of Geostatistical analysis and the automated reservoir useful
volume capacities evaluation using modern geoinformation systems.

Research objectives:

1. Analyze and review of modern technologies and methods used for carrying out
bathymetric surveys of reservoirs,

2. Improve depth measurement technique with GPS (Global Positioning System) technology
and Google Earth Internet system,

3. Recommend application of correction parameters for depth measurement developed by
the International Hydrographic Organization in order to improve the actual depth
measurement records,

4. Develop a Geostatistical method for the estimation of the reservoir useful volume
capacities using SURFER software through variogram analysis and gridding bottom
conditions as scientific based approach,

5. Create a bathymetric model on reservoir bottom conditions (Akdarya reservoir),

6. Forecast the losses of reservoir volumes based on historical records.

Research object and subject:

The research object is the run-of-the-river Akdarya reservoir that is located in the
Samarkand province of Uzbekistan. The research subject is sedimentation in reservoir and
bathymetric surveying using geoinformation systems in order to calculate the useful reservoir
volume capacities.

Research hypothesis:

The developed recommendations will improve the quality of data, the automated
calculations of reservoir volume capacities and thus will decrease the financial burdens for
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bathymetric surveys and operationally estimate the water availability of reservoirs for a
sustainable management of natural resources and engineering infrastructures in Uzbekistan.

Defendable positions:

The main positions within the thesis are as following:

1. Developed and approbated Geostatistical method widely used in geodesy and earth
sciences is used for hydrotechnical construction for calculation of reservoir useful volume
capacities,

2. Systematic approach in the application of the geoinformation systems (GPS,
CEEDUCER, SURFER, Google Earth) in Uzbekistan,

3. The creation of a local datum system for the Akdarya reservoir using GPS system in
bathymetric surveying,

4. Formulae for the estimation of the error range for depth measurements according to the
standards of IHO and development of several volume curves,

5. Results of variogram analysis and Kriging for the selection of science based parameters on
grid size,

6. Developed 2-D bathymetric model of the Akdarya reservoir bottom conditions,

7. Forecasted results of dead and useful reservoir volume capacities and dynamics of the
volume curve changes per elevations.

Innovativeness:

1. For Uzbekistan and hydraulic construction disciple the Geostatistical approach was
elaborated and tested,

2. The systematic approach was shown to use modern geoinformation technologies (GPS,
CEEDUCER, SURFER and Google Earth) in Uzbekistan,

3. For first time the depth accuracy coefficients have been used for the calculation of depth
measurements in Uzbekistan and the construction of range of volume curves against
single in previous methods,

4. Experimentally through variogram analysis the grid size was determined for the
bathymetric model of the Akdarya reservoir,

5. The 2-D digital bathymetric model of Akdarya bottom conditions was developed,

6. The simple forecast method was developed for studying reservoir useful volume
capacities.

Scientific and practical significance:

The main significance of the research results is the decrease of financial burdens for
bathymetric surveys and the improvement in the calculations of reservoir sedimentation. The
automated reservoir volume calculations will enable to operationally estimate the water
resources availability and thus to sustainably manage scarce water resources and hydraulic
infrastructures.

In addition the developed Geostatistical approach can be used for the calculation of
sedimentation of lakes, irrigation canals and sediment detention ponds. The practical aspects
are a substantial reduction of costs by 50 % for field measurements and — 80% for office
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calculations. The simple prediction method enables to visually show the volume curves and
make decisions to increase the elevations of water intake structures.

Material outcomes:

The most significant outcome of the research is the publication of a methodological
handbook on Geostatistical approach in calculation of useful reservoir volumes which is
approved by the Ministry of Agriculture and Water Resources of the Republic of Uzbekistan
and widely used by the Bathometric Center.

The economic efficiency of automated reservoir volume calculations is related to the
reduction of financial costs by 180 US $ per km?.

Research approbation:

The research results were presented at several national, regional and international
conferences; one regional workshop conducted by the United Nations Economic Commission
for Europe in partnership with the Uzbekistan water management organization; in frameworks
of two fellowships 1) European Unions INTAS fellowship program for young scientists from
former soviet union No0.04-83-3665 (2005-2007) and 2) French Government Fellowship for
outstanding PhD students Eiffel program No. 530909C (2007-2008). The scientific seminars
at University of Bordeauxl1, Center for Geosciences Development and Application (2007), at
Tashkent Institute of Irrigation and Melioration, Department of Hydraulic Structures (2009),
at specialized scientific seminar under the Permanent PhD Committee (2010).

Publications:

The total number of publications is 13 including 7 as conference contributions, one
handbook, 3 journal articles in referenced journals by Supreme Attestation Committee of the
Republic of Uzbekistan and 5 articles in international journals.
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CHAPTER 1: STATE-OF-THE-ART ON SEDIMENTATION

1.1 Sedimentation in water reservoirs

Water reservoirs created by dam construction on rivers have played an important role
for societies around the globe throughout their history by regulating floods, generating
hydropower, and re-distributing the river flow for irrigation.

Dams on rivers induce both river flow and sediment flux fragmentation which causes
accelerated accumulation of sediments (Morris and Fan, 1998; Palmieri et al., 2001; Syvitski,
2003; Sternberg, 2006; Walling, 2006). Sedimentation is a natural geomorphologic process
but human interference increases its rates. Sedimentation reduces the main reservoir asset i.e.
its volume capacity over time due to the feeding rivers.

Hence, the utility of a reservoir diminishes as its volume capacity is reduced
(Karaushev, 1977; Skrylnikov et al., 1987; Mahmood, 1987; Annandale, 1998; World
Commission on Dams (WCD), 2000; International Commission on Large Dams (ICOLD),
2008; World Association for Sedimentation and Erosion Research (WASER), 2008). The
Figure 1.1 depicts the general stages sedimentation process in man-made reservoir.

It is reported that an annual average 0.5-1% loss of volume capacities of small and large
reservoirs is observed due to sedimentation in the world. It is estimated that such losses of
storage capacities per year are worth billion US$ and if such a scenario continues, about 25%
of the world reservoir total volume capacity will be vanished over the next 25-50 years
(Mahmood, 1987; WCD, 2000).

Palmieri et al. (2003) reports that the loss in volume capacity requires an annual
replacement cost of 13 billion US$. Recent estimates are even more dramatic. For instance
Yang (2003) reports that the overall annual loss rate of reservoir volume capacity due to
sedimentation is estimated to be 1 to 2 % of the total volume capacity. Moreover, Naisen and
Lingyan (1998) reports that the average annual loss in volume capacity reaches 2.3 % in
China, being the highest in the world.

Globally, more than 50% of the basin-scale sediment fluxes in regulated basins are
potentially trapped in artificial impoundments, with a discharge-weighted sediment trapping
of about 30% due to large reservoirs and an additional contribution of about 23% from small
reservoirs (Vorésmarty et al., 2003).

1.2. Irrigation and water reservoirs in Central Asia

Due to their climatic characteristics, economic development strategies and geopolitical
situation, Central Asian (CA) countries have been experiencing an everlasting competition
over water resources. Mostly arid, these agrarian countries pursue their own development and
integration into the global community through expanding irrigated lands, growing cash crops
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such as rice and wheat for meeting their domestic food security but also to export a large part
of some productions such as cotton (Rakhmatullaev et al., 2009).

Irrigated agriculture is the dominant sector of the economy in the Central Asian (CA)
countries, employing about 45% of the total population (World Bank, 2003; ICWC, 2004;
IAMO, 2008; Abdullaev et al., 2009). This sector contributes to the region countries Gross
Domestic Product (GDP) from 16 up to 30% with an average of 24% for the whole region
(FAO, 2007). As a whole, 26% of the cultivated areas are irrigated, from 10% in Kazakhstan
to over 99% in Turkmenistan.

Thus 91% of the total water withdrawal is used for agricultural purposes in the region
(Ximing et al., 2003; UNEP, 2005; Weinthal, 2006). Over a period of 90 years (1913-2003)
the areas under irrigation have increased by 3 times on average (Sattarov et al., 2006). This
increase was due to the gigantic Soviet hydraulic program through construction of dams,
irrigation canals, pumping stations and various hydraulic facilities.

Irrigation in CA region relies on a system of pumps and canals which is among the most
complex in the world (O’Hara, 2000; Weinthal, 2006; UNDP, 2007). Cotton and wheat are
the major crops followed by maize, vegetables and fruits. In Uzbekistan, which accounts for
over half of the irrigated land in the CA region, it is estimated that about 70% of water is lost
between the river and the crop, and poor drainage further exacerbates water management
(World Bank, 2005).

Uneven spatial and temporal water resources and a Soviet inherited unified hydraulic
infrastructure have raised transboundary reservoir management issues over water resources
allocation among the countries in the region such as Kyrgyzstan, Tajikistan, Kazakhstan,
Uzbekistan and Turkmenistan. The rivers such as Syr Darya and Amu Darya are already
regulated by more than 78% and 94% respectively and attempts for new reservoir projects
upstream raises increased concerns of the downstream countries (e.g. the Rogun hydropower
station in Tajikistan and the Toktogul reservoir in Kyrgyzstan). For instance the
uncoordinated use of reservoirs has caused the Arnasai lake problem in Uzbekistan with
environmental, material damage and social unrest.

With an annual rainfall of 100-300 mm and a mean evaporation of 1600-2200 mm,
Uzbekistan has a continental climate of the dry mid-latitude desert, characterized by hot
summers and cold winters (Shultz, 1949; UNEP, 2005; FAO, 2007). Its climate is largely arid
and its water resources are unevenly distributed both in space and time. There is a strong
dependency on winter and spring rains and snowmelt from the Tien Shen and Pamir
mountains. In fact these mountains are major contributors to the watersheds of CA countries
(World Bank, 2005).

Thus the agricultural production of the region is predominantly based on irrigation,
which makes irrigation water supply and management the major factors limiting crop yields
in the region (lbragimov et al., 2007). The complexity of water resource relations in this
region is related to the soviet inheritance of interconnected hydraulic infrastructure and to the
transboundary origin of water resources.

The Interstate Commission on Water Coordination (2004) reports that in Central Asia,
for the period of 1960-1990, the total annual water intake was about 60.6 km® in 1960 and
116.2km® in 1990. Thus there was about a two fold increase in 30 years. In contrast the
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population of the region has increased by 2.7 folds and the area under irrigation increased by
1.7 fold.

The first water reservoirs of the Central Asian region have been constructed as early as
in the X-XI centuries (Avakyan et al., 1987; Nikitin, 1991). The era of massive water
reservoir construction begun in the late 1900s. For example, the Gindikush (Turkmenistan)
reservoir was built in the Basin of the Murgab River in 1896 with a total volume capacity of
13 Mm?® and 65 Mm? for the Sultanbent reservoirs in 1909-1910 (lrrigation of Uzbekistan,
1975; Skrylnikov et al., 1987). In 1940s several reservoirs have been constructed such as the
Urtatokai reservoir in the Kassansai River Basin in Ferghana region and the Kattakurgan
reservoir in the Zerafshan River Basin. For the last 30 years (from 1950 to 1980) more than
60 reservoirs have been constructed in the region.

There are more than 290 water reservoirs in the Central Asia with a total volume
capacity over 163 km® that regulate more than 50% of the monthly regions river flow and the
area occupied by reservoirs constitutes roughly 6% of the CA countries irrigated areas
(Avakyan et al., 1987; Skrylnikov et al., 1987; Nikitin, 1991; FAO, 2007). The primary
source for irrigation in the region is the surface flow from rivers and man-made reservoirs.
For example, an average of about 30% of irrigation water is delivered from reservoirs,
ranging as high as 54% in Turkmenistan and as low as 13% in Kyrgyzstan (UNEP, 2005;
FAO, 2007).

1.3. Water reservoirs in Uzbekistan

Agriculture is a very important sector of the economy for employment, foreign cash
revenues and food security in Uzbekistan. Climatic conditions and insufficient internal water
resources have put pressure for water reservoirs. Uzbekistan is largely an arid region, where
evaporation exceeds rainfall and annual precipitation is below 200mm (UNDP 2007). The
streamflow is characterized by extreme intra-annual variability and also unevenly spatially
distributed (Kazbekov et al. 2007).

Two main river basins are found in Uzbekistan — Amu Darya and Syr Darya. The
transboundary rivers Amu Darya and Syr Darya satisfy 82% of the total water demand,
whereas only 18% of the same demand is satisfied by internal Kashka Darya, Zarafshan and
Surkhan Darya rivers in Uzbekistan (UNDP 2007). At present approximately 84% of water
resources in Uzbekistan are used for irrigated agriculture (UNDP 2007).

The peak of dam construction is dated to the soviet period when its policy was aiming at
expanding irrigated lands for the mass production of cotton. These impressive actions have
resulted in a great increase in irrigated lands from 2.57 million ha in 1960 to 4.22 million ha
by the late 1980’s (UNDP, 2007). The dam construction is graphically illustrated in
Figure 1.2. About 75% of dams were constructed in the 30-years period from 1961 to 1990
with 93% of a total reservoir capacity known as the “soviet period” (Rakhmatullaev and Le
Coustumer, 2006; Rakhmatullaev et al., 2008b).

After the 1990’s just a few dams have been constructed mainly to finish the already
initiated projects. At present time two dams are being constructed in Uzbekistan for securing
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the water availability for the vegetation period. For example, for the mitigation of drought in
the 2000-2001 years, the government of Uzbekistan in the Namangan province initiated the
construction of the Rezaksai reservoir with a total capacity of 0.2 km® in the perspective of
increasing the water availability up to 0.66 km?®,

About 24% of irrigation water comes from water reservoirs (Figure 1.3) (FAO 2007).
The total number of man-made water reservoirs in Uzbekistan is 55 with the total gross
volume capacity of about 19km?®, and useful volume capacity — 14.5km® (Table 1.1) (UNDP
2007 ; Rakhmatullaev 2006). The total surface area of reservoirs is estimated about 1450 km?.
The average dam height is about 39 m with a maximum of 168 m (Tupalang reservoir) and a
minimum of 11.5 m (Uchkyzyl reservoir).

About 57% of all reservoirs have a volume capacity about 1 to 50 Mm?® but only five
have a volume capacity of more than 1 km®. Moreover for the surface area, only eight
reservoirs have a surface area greater than 50 km?. Nine major reservoirs constitute about
86% (16.8 km®) of the total reservoir volume capacity and about 94% (1362 km?) of the total
surface area in Uzbekistan.

There are almost no sites for construction of new reservoirs. Thus it is of strategic
importance to rationally estimate the available water resources in existing reservoirs for
assuring a guaranteed water supply to the different water users.

According to the Uzbekistan Ministry of Agriculture and Water Resources (UzZMAWR),
out of the 27 inspected reservoirs, 11 are almost completely silted up, and at 5 other reservoirs
the silt has almost reached the level of the outlet structures (Table 1.2) (UNDP 2007).

Almost 90% of all dams are used for irrigation purposes and only two for hydropower
(Andijan and Charvak). The Amu Darya river is regulated by 78% whereas only by 94% for
the Syr Darya river (UNEP, 2005; Rakhmatullaev et al., 2008a; UNDP, 2007). For example,
all main run-on-the-river reservoirs for the regulation of the Amu Darya and Syr Darya river
flows are located beyond the boundaries of Uzbekistan, with the exception of the Andijan,
Tuyamuin, and Janubiy Surkhan reservoirs.

Therefore Uzbekistan is vulnerable in terms of transboundary reservoir management for
a sustainable water allocation. There are almost no sites left for the construction of new
reservoirs. Thus it is a strategic importance to rationally calculate the available water
resources in the existing reservoirs for assuring a guaranteed water supply for the agriculture,
industry and municipalities.

1.4. Impacts coming from reservoir sedimentation

A reduced reservoir volume capacity diminishes the flow regulation for an assured
water supply for irrigation, industrial activities and municipalities downstream. Sedimentation
triggers operation and maintenance issues coupled with economic feasibility of the project,
environmental concerns and social aspects (Lapshenkov, 1959; Bruk, 1985; Evrard, 1985;
Morris and Fan, 1998; McPherson and Harmon, 1998; United States Army Corps of
Engineers (USACE), 2001; Vorosmarty et al., 2003; International Hydrographic Organization
(IHO), 2005). Figure 1.4 depicts the notions of useful and dead reservoir volume capacities.
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Moreover the deterioration of water quality in reservoirs can be a major issue with
increasing levels of various contaminants from agriculture, industry, and natural sources
whether organic (pesticides, PCBs, PAHS) or inorganic (heavy metals) (WCD, 2000; ICOLD,
2008; Gadalia et al., 2005, Gadalia and Motelica, 2008).

Downstream effects of sedimentation include channel narrowing, reduction in braiding
and associated loss of ecosystem complexity, river bed erosion and a reduction in the
overbank flooding that is critical to many riparian species (Brandt, 2000; Wohl and Rathburn,
2003; Syvitski, 2003; Sternberg, 2006; Walling, 2006). Dam cavitation and abrasion of
conduits, valves, sluice gates and hydropower turbines dramatically impact the hydraulic
facilities and structures (USACE, 2001; IHO, 2005). Moreover social aspects can also be the
unattractiveness for tourism and the loss of recreation opportunities (WCD, 2000; Knoblauch,
2006).

1.5. Prevention and mitigation strategies against sedimentation

There are various sedimentation mitigation measures and we have grouped them into
four main categories (Figure 1.5).

1. The first group is composed of measures that are targeted to decrease the sediment influx
from watershed areas to the reservoir. These are erosion preventive measures that are
implemented in watershed areas such as implementation of various sediment detention
engineering ponds, vegetation strips, or tillage-zero agronomic measures for decreasing
the susceptibility of soils for erosion;

2. The second category represents the use of river’s own hydraulic energy to flush the
sediments from the reservoir. For example, maneuvering of gates for discharging
sediment through outflows with river regime. The correct organization of outflow holes in
dam and discharge of most turbid waters in peak flood period with combination of
periodic flushing;

3. The third category represents route sediments, reduce reservoir trap efficiency using
sediment routing techniques such as drawdown during sediment-carrying floods, sediment
bypass around the storage pool through special engineering tunnel, venting of turbid
density currents.

4. The fourth group is mechanical dredging of accumulated sediments by tractors and other
special machinery.

The analysis of former research has shown that there are no single mitigation measures
that can effectively combat with sedimentation. All of these abovementioned measures exist
in practice but none of measures could effectively produce good results.

For example, in small hydraulic head barrages the hydraulic flushing is not efficient due
to water availability and sometimes mechanical dredging is not effective too due to its costs
and access to reservoirs in harsh environmental conditions.
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CHAPTER 2: ASSESSMENT OF MODERN GEOINFORMATION
TECHNOLOGIES IN SEDIMENTATION

There are various methods and technologies for conducting bathymetric surveying in
hydrographic research. For example, for the last two decades single acoustic beam echo-
sounder coupled with GPS system, airborne LIDAR system, multibeam solar systems are
being extensively used in bathymetric surveying. These technologies reduce the use of
traditional geodesic instrumentation and land surveying expenses; as a result high digital geo-
referenced data is acquired. These technologies and methods are used for field sample
collections.

The important chain in research cycle is data management and treatment for excluding
biases and potential errors in order to get more precise and accurate estimations. There are
many software products for interpolation and construction of bathymetric digital surfaces that
in turn improves estimation and prediction of sedimentation volumes and creates digital
bathymetric maps for future research efforts.

This chapter deals with new methods for interpolation (Geostatistics and variogram
analysis) and technologies (SURFER, GPS and CEEDUCER) for the estimation of the useful
reservoir storage capacity due to sedimentation. In addition to, the standards of the
International Hydrographic Organization are being discussed for conducting hydrographic
surveys in particular the correction depth coefficient for error limitations in depth
measurement.

2.1. Critical review of current estimation methods on sedimentation

In the area of fluvial morphology, erosion and sedimentation research, significant
development was carried out in the Former Soviet Union (FSU) that greatly contributed to
this domain of knowledge. It should be worth to discuss in brief the contributions of Russian
speaking scholars in the domain of water reservoir sedimentation.

Sedimentation of engineering hydraulic structures, reservoirs, irrigation channels and
their mitigation measures have been studied extensively by the Soviet and scientists of
Uzbekistan.

The main reasons affecting the non use of the current methods for accurate estimation
of sedimentation are as follows:

1. Complexity of calculations and extensive requirement information,

2. Significant differences between field measurements and numerical calculations on
sedimentation amounts and their spatial distribution,

3. The existing calculation methods were developed for specific water elevation conditions
at reservoir,

4. Only small sediment size fractions were considered for calculations without reservoir
bank deformations.
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2.2. Bathymetric surveying

2.2.1. Marine hydrographic depth measurement systems

Acoustic depth measurement systems measure the elapsed time that an acoustic pulse
takes to travel from a generating transducer to the waterway bottom and back (Figure 2.1).
The travel time of the acoustic pulse depends on the velocity of propagation (v) in the water
column. If the velocity of sound propagation in the water column is known, along with the
distance between the transducer and the reference water surface, the corrected depth (d) can
be computed by the measured travel time of the pulse.

Determining the sound velocity, v, is perhaps the most critical factor in using acoustic
depth sounders. The sound velocity varies with the density and elastic properties of the water.
A transducer converts electronic energy to acoustical pulses and vice versa. The type of
transducer used is a major determining factor in the adequacy of a depth measurement.

2.1.2. Airborne hydrographic depth measurement systems (LIDAR)

The Scanning Hydrographic Operational Airborne LIDAR Survey (SHOALS) system
was developed by USACE and has demonstrated the ability to achieve orders of magnitude
increase in survey speed while collecting densely spaced high resolution data. The term
LIDAR stands for Llght Detection And Ranging. The US Army Corps of Engineers accepted
the SHOALS system in March 1994 following field testing which indicated that the system
met or exceeded all design specifications.

A SHOAL consists of an airborne data collection system and a ground-based data
processing system. The system operates by emitting laser pulses 400 times per second while
being scanned in a 180 deg arc pattern across the flight path of the airborne platform (Figure
2.2)., which can be a helicopter or fixed wing aircraft. Each laser pulse travels from the
airborne transmitter to the water where some light energy is reflected and detected by onboard
optical sensors. The remaining light passes through the water column, reflects from the sea
bottom, and returns to the optical sensors. The time difference between the water-surface and
sea-bottom returns indicates the water depth.

SHOALS produces high density measurements that can be used for creating three
dimensional digital elevation models from which navigation and bathymetric surveying
projects can be monitored and managed. Data acquired by SHOALS is being used to generate
channel condition reports, beach profiles, cross sections, and contours, perform volumetric
analysis, and create complete 3-D digital elevation models of areas.

This technology is capable of rapidly collecting dense survey data over large areas.
However, the main constraint of any LIDAR bathometer is water clarity. In clear waters
SHOALS is effective to about 60m depths.
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2.3. Global Positioning System (GPS)

The initial purpose of Global Positioning System (GPS) was military use for defense of
United States of America. GPS is used for transmission of navigational signals all over the
world. GPS provides continuous (24 hours/day), real-time, 3-dimensional positioning,
navigation and timing worldwide.

Basically, GPS consists of three main separate interrelated elements: land segment (land
control stations), space segment (satellites) and users’ segment (GPS receivers). All of these
three segments is unified by transmission and receiving radio signals (Figure 2.3.).

A GPS receiver calculates its position by a technique called satellite ranging, which
involves measuring the distance between the GPS receiver and the GPS satellites it is
tracking. The position of each satellite is known, and the satellites transmit their positions as
part of the "messages” they send via radio waves. The GPS receiver on the ground is the
unknown point, and must compute its position based on the information it receives from the
satellites (Table 2.1).

2.4. International Hydrographic Organization depth measurement standards

There are various error sources in data acquisition and measurement in hydrographic
survey, thus the International Hydrographic Organization recently developed new standards
for hydrographic survey.

An error is the difference between a measured value and the correct or true value and
can be categorized as a blunder, systematic error or random error. Blunders are generally
large errors caused by inattentiveness or lack of skill on the part of the observer. Systematic
errors are those that follow some physical law or rule by which they can be predicted.
Random errors are generally small errors resulting from the limitations of measuring devices
and processes, are equally likely to be negative or positive, and are governed by the laws of
probability.

Blunders must be eliminated by the establishment of adequate “checking” procedures
and are assumed not to be present in quality hydrographic survey data sets. Systematic errors
are measured or modeled using calibration techniques and must be removed from survey data
prior to evaluating them against the IHO Standards. Random errors result from the inability to
perfectly measure any quantity or to perfectly model any systematic error.

2.5. Geostatistics

Geostatistics whose fundamental basis was defined by Matheron (1963) involves the
analysis and prediction of spatial or temporal phenomena. Geostatistics is just a name
associated with a class of techniques used to analyze and predict values of a variable
distributed in space or time (Clark 2001). With recent progresses in automatic calculations,
the use of geostatistics for the spatial analysis of environmental data has become extremely
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common both on land and sea (Mear et al. 2006). Geostatistics include tools that establish
surface maps of any interested variable from the analysis of the spatial structure of data
(semivariogram) and to predict the value (interpolation) of these parameters at unsampled
points (kriging or simulation) (Figure 2.4) (Goovaerts 1999).

2.6. SURFER program

The main purpose of the SURFERY7 is analysis and visualization of 2-D and 3-D data,
describing the function of type z=f(x,y), and the logical operation of package can be
represented in three main functional blocks :

a) contouring and surface mapping;
b) gridding methods and supplementary operation with generated surfaces;
c) surface visualization.
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CHAPTER 3: STUDY AREA AND SITE CHARACTERISTICS

3.1. General setting

The Akdarya reservoir was created by the construction of an earthen dam on the
Akdarya River in 1982. This reservoir is used as a seasonal flood regulating structure for
irrigation of some 5,500ha of new agricultural lands and improving the melioration conditions
of more than 12,000ha of the irrigated lands in two districts of the Samarkand province of
Uzbekistan. It is located 15km northwest from the Ishtihan city of Samarkand province in
Uzbekistan (Figure 3.1).

3.2. Relief and geomorphology

The modern Akdarya River Valley in terms of geomorphology and lithology is
composed of pro-alluvium depositions. The valley is layered by loess loams with 5-40m
thickness and underlying a layer of pebble with a thickness of about 300m. The modern
floodplain part of Akdarya River is composed of loams, stones and pebbles of alluvial origin.
The thickness of stones varies from 0.5 to 5m (Rakhmatullaev, 2007). The river channel is
well defined, composed of pebble-cobble deposits. The absolute elevation of the river varies
from 680.0m to 400.0m.

The relief of the surrounding areas is presented from right bank side as hills with
smooth peaks, smoothly changing into alluvial and pro-alluvial uplands and floodplain valleys
on the left bank with floodplain and terrace valleys. The surface of the territory is presented
by modern deposits of river channels and washing cones of debris of small streams
(Uzdavsuvloixa, 2002).

3.3. Climate

The study area is located in subtropical latitudes and is characterized by a high solar
radiation reaching annually 440 hours. The geographic location of the study area in the centre
of the continent is characterized by the aridity of local climate and significant temperature
fluctuations. The mountain systems of Nurata in north govern local climatic conditions:
precipitation and wind regimes.

The annual long-term mean precipitation is about 282mm. More than 90% of annual
precipitation is observed from November to May. Over the period of June-September, there is
no precipitation observed. The mean perennial evaporation from the reservoir is about
1200mm inducing a deficit balance about 918mm annually (Rakhmatullaev and Le
Coustumer 2006). The evaporation from water surface according to Kattakurgan reservoir is
about 1200mm per year.
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3.4. Hydrology

Akdarya River is a right tributary of the Zarafshan River. The Zarafshan River is
divided into tributaries at Ak Karadarya Hydraulic Scheme, east to Samarkand city where
Zarafshan is separated into two perennial tributaries northern (Akdarya) and southern
(Karadarya). Two tributaries form an island with a total length of 100km and 15km in width
under the name “Miankul”. The two tributaries again re-merge into one Zarafshan River in the
Navoi province.

The Akdarya reservoir is located on the Akdarya River downstream 50km from Ak
Karadarya Hydraulic Scheme. The total length of the Akdarya River is about 131km and
flows over wide floodplain terraces with width of 0.2-0.6km, maximum widths — 1.5-2.0km.
The river channel is moderately meandering and branching. River banks are instable and steep
in some places. The Akdarya River flows through wide Zarafshan Valley, which is composed
of loess deposits (Samarkandgiprovodhoz, 1976).

There are several sources of water resources feeding into the Akdarya reservoir (Table
3.1). The network of irrigation channels and collector-drainage discharge systems are source
for water feeding into the Akdarya reservoir. The traditional engineering practices have
evolved in such direction that only during highwater years, waters of Zarafshan River is
released to the Akdarya River. The last significant release was observed in 1998. This release
discharge is ca. 100m®/sec.

At present, Akdarya tributary is used as emergency channel from catastrophic flooding
events of Zarafshan River, whereas the main flow passes through Karadarya tributary. In
addition, the springs and temporarily streams are the third major source of water feeding the
Akdarya River and the reservoir. The temporary streams can be observed during heavy
rainstorms coming from the springs. The effective watershed area of Akdarya reservoir is
about 2020km? of which active flow forming area — 1500km? (Uzdavsuvloixa 2002). The
Table 3.2 depicts sediment and water discharges of Akdarya reservoir.

3.5. Akdarya technical characteristics

Akdarya reservoir was constructed by step-by-step approach (Table 3.3). The surface
area of the reservoir at Full Pool Elevation (FPE) is about 12.7 km?, the total storage volume
is 112.5 million m®. The main Akdarya reservoir characteristics are presented in Table 3.4. In
order to increase the irrigated lands, authorities have increased reservoir volume capacity
from 34 to 112.5 million m® by increasing the elevation of the dam crest by 7m since 1982.
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CHAPTER 4: MATERIALS AND METHODS

4.1. Traditional bathymetric survey

Traditional methods of analysis have relied on the topographic mapping and range
survey data to estimate sediment volumes for a reservoir. The site of a reservoir prior to the
inundation, referred to the original conditions, is marked on the topographic map, and a
planimeter is used to roll areas encompassed by individual contours. These areas are then
used to estimate the incremental volumes for the reservoir below the pool elevations, yielding
the original reservoir volume capacity. The rate and the distribution of sediment are then
computed by comparing reservoir bottom profiles along a set of ranges established for a
reservoir.

Typically, the sediment range network is established and marked with monuments prior
to a dam construction. Pre-inundation profiles are surveyed and used to develop elevation-
volume capacity relationship based on the profile widths at prescribed elevation intervals. By
resurveying the reservoir bottom along the ranges and comparing the profile widths, sediment
volume and distribution are determined from the elevation-volume capacity relationships.

The range survey/end area method has provided adequate results in the past
sedimentation analysis. However, the ranges can be difficult to locate and survey as
monuments are destroyed or worn away. This leads to the surveying the fewer ranges to
characterize sedimentation. Two factors, such as labour intensive field data measurement
(depth soundings) and post data-processing often limit the frequency with which surveys may
be conducted (Furnans and Austin 2008).

With traditional methods of depth measurements and few sampled points large errors
and uncertainties are observed that increases errors in computation of water availability in
water reservoirs. The potential sources of error are human induced during the data
measurement in operation of boat and readings of transducer (e.g. penetration of signal
through the water column and poor acoustic reflection of signal back from true reservoir
bottom surface).

4.2. Depth measurement by CEEDUCER and GPS

In 2001 the “Bathymetric” Centre was established under the umbrella of UzZMAWR
which is authorized for bathymetric survey using new bathymetric survey system
(CEEDUCER®) developed by the Bruttour International Pty Ltd. The system is composed of
incorporated GPS (Global Positioning System) antenna and digital depth measuring
transducer (Figure 4.1).

The bathymetric survey of Akdarya reservoir was conducted in 2003 from a moving
boat using electronic depth-sounding equipment (transducer) in conjunction with GPS
antenna and an automatic data recorder CEEDUCER® and all data was transferred into the
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laptop computer (Figure 4.2) (Joseph et al., 1998; Oett et al., 2000; Soler-Lopez 2003, 2004).
The CEEDUCER® system is a very small, single unit (integrated GPS receiver, electronics
processor and data logger), versatile survey measuring instrument that provides: GPS position
DGPS (differential GPS), survey accuracy digital echo sounder, and 7.2 hour full data logging
(dual frequency echo sounding). The specification of the GPS receiver are: survey type 8 or
12 channel (true parallel channels) accuracy 2-3m (8 channel), <1m (12 channel) DGPS
combined Marine Beacon / Integrated GPS antenna 1 second update (optional).

The GPS receivers monitor the horizontal position of the survey boat while the depth
sounder measures water depths (Figure 4.3). The GPS units were first used and by default
were automatically converted into WGS84 projection system in (World Geodetic System of
1984) the static mode to establish a benchmark overlooking the reservoir. Satellite data were
recorded simultaneously at the known government topographic benchmark (referred to as
“Akdarya dam”) (latitude 27°45°N., longitude 44°33°W.) and at a site overlooking the
reservoir. Once established, the “Akdarya dam” benchmark was established as the reference
station.

One GPS unit was installed at the reference station; the other GPS unit was installed in
the survey boat to be used as the mobile station. The GPS on board independently calculated a
position every second while receiving a set of correction signals from the reference station,
converting the system into a DGPS. This combination maintained the data position accuracy
within two meters. The bathymetric survey software integrated MiniCee® was used to
navigate and to collect data. The software integrates the depth and position data, storing the X,
y, (geographic locations) and z (depths) coordinates in a portable personal computer.

GPS was used to determine the latitude and longitude for each depth measurement.
Sounding equipment was used to measure depth from a transducer (probe), operating at a
frequency of 200 kHz to the bed of the reservoir. Depths recorded by the sounder, which has a
resolution of 0.02% accuracy of measured depth, were measured at a fixed distance below the
water surface (Table 4.1) (Bathymetric Center 2003).

The recorded depths and the constant value of the depth ecosounder were subtracted
from the watersurface elevations at the time of the survey (as recorded at the dam gauge) to
determine reservoir bottom elevations. The depths were synchronized with the GPS data to
determine the location of the probe as the boat traversed across the reservoir (IHO 2005;
Furnans and Austin 2007). The schematic illustration of depth sounding survey and
conditions in Akdarya reservoir for 2003 is depicted in the Figure 4.4. The calibration of the
transducer was performed two times daily before and after the measurements.

The depth soundings were collected every 20m and the transects (cross-sections) were
about 200m apart beginning at the dam and continuing upstream across 35 cross-sections in
Akdarya reservoir in 2003. The transects were perpendicular to the shoreline of the reservoir.

For the shallow water areas where transducer could not be operated, at representative
depth several measures have been manually collected with stadia rod on boat. However,
sediment accumulation and vegetation growth in the upstream reservoir areas limited the data
collection. The shoreline delineation was performed during the survey by GPS (rover)
receiver connected to base one that was identified as benchmark as close to water surface
mark along the banks.
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Initial editing of the data was performed using the MiniCee® software. Positions were
corrected to eliminate anomalies that occurred when the correction signal from the reference
station was lost because of local topographic features or electromagnetic interference.
Position errors were corrected by interpolating back to the mid-point between the correct
antecedent and preceding position. The depth data were also corrected to eliminate incorrect
depth readings. Incorrect depth readings can result from insufficient signal gain or because of
floating debris or because fish interfered with the transducer face. The incorrect depth
readings were also interpolated between the correct antecedent or precedent depth readings.
Once corrected, the edited data were transferred into the SURFER® 7 database for further
processing.

Up to now, the centre has performed bathymetric surveys in 16 reservoirs in Uzbekistan
(Bathymetric Centre, 2003). The dead storage in a reservoir is determined as the storage
volume between the stream bed and the lowest elevation from which water can be withdrawn
by gravity (Mahmood 1987). As it can be seen, the total volume capacities of all reservoirs
have been decreased by about 18% whereas the dead storage capacities decreased by 55% on
the average respectively. For example, the dead storage capacities of 7 reservoirs were
decreased by more than 75%. This is alarming signal that in a foreseen future the
sedimentation can be a major operation and maintenance issue for these reservoirs.

4.3. Geostatistical analysis

The chapter discusses the results after the application of a new geostatistical approach
for generating bathymetric surface models of reservoir bottom from point measurement and
transforming into continuous contour surfaces in Uzbekistan. Geostatistical approach can be
considered as very helpful, reliable and efficient tools to increase the number of point
measurements at unsampled places.

Variogram analysis is used for examining the structural relationship of data for the
anisotropy analysis of a physical process that can have changing characteristics in the
direction and space over traditional methods for bathymetric surveys (Joseph et al., 1998; Ortt
et al., 2000; Soler-Lopez 2003, 2004; Furnans and Austin 2008).

Digital contour surfaces of reservoir bathymetry is performed by two interpolation
methods: kriging and simulation (turning bands) techniques. In a first approach kriging
interpolation method is used to estimate the bathymetry. In a second time, because kriging
provides a smooth result of the reality and has consequences for future computations (volume,
area), the simulation method (turning bands) has been chosen. 100 simulations have been
carried out in order to introduce natural variability in the reservoir bathymetry and to get
statistical probability distribution of reservoir volumes and surface areas for different
reservoir stages.
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4.4. Variogram analysis

Variogram analysis was used to examine the spatio-temporal correlations of the data.
Variogram analysis is a prerequisite for interpolation (kriging or simulation), or making
predictions (Mear et al, 2006; Clark 2001). Variogram analysis consists of the experimental
variogram calculated from the data and the theoretical model fitted to the data. The
experimental semi-variogram is calculated by the following equation:

i == 3 fx)-20x)7
2N h xj—xizh

where : y(h) — experimental semi-variogram is two-dimensional graph or formula describing
the expected difference in value between pairs of samples with a given relative orientation
and distance apart (h) between two measured attributes; h — distance between two discrete
points that are used for calculation of dispersion; n — number of pairs of samples (depth); z —
interested value or attribute; i and i-h — index of respective values of two samples of the
distance h, apart.

The experimental variogram measures the mean variability between two points z and
z+h, as a function of their distance h. The experimental variogram was calculated for several
lag distances and is plotted as a two-dimensional graph. It is then generally fitted with a
theoretical model, such as a spherical or exponential model. These models provide
information about the structure of the spatial variation as well as the input parameters for
spatial prediction by Kriging (Figure 4.5) (Saby et al. 2006).
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In a first approach we chose to use kriging because it is the method minimizing the best
interpolation errors and allows for calculation of variance associated with the interpolation.
Kriging calculates a weighted moving average equation which estimates the value of a
regionalized variable at site specific location by taking into account the variographical
information.

The optimum grid size for constructing the bathymetric surfaces was determined based
on examination of the sampling distribution for the three periods.

The kriging interpolation gives the averaged smoothed surface and thus underestimates
the realistic reservoir volume and surface area estimations. Thus, for introduction of natural
variability we used turning bands interpolation method for simulation. 100 simulation
calculations were performed by ISATIS® program.
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CHAPTER 5: RESULTS AND DISCUSSION

5.1. Historical surveys

For the determination of the sedimentation rates three bathymetric surveys, the original
(pre-impoundment) in 1982, 1996 and 2003 were assessed for examining the evolution of the
reservoir capacity over time (Table 5.1-5.2-5.3). The 1982 and 1996 surveys were carried out
by traditional methods such as range survey/end area method and traditional measuring
instrumentation. The 2003 survey was carried out as previously described by CEDUCEER®.
Table 5.4 depicts the volumes, water surface areas at the full and minimum pool elevations of
the Akdarya reservoir for three historical surveys.

The analysis of the sedimentation dynamics was performed for two periods 1)1982-1996
and 11)1996-2003. It is interesting to examine the changes in volume and water area at full and
minimum pool elevations (FPE, MPE). For example, for the period 1982-1996, the total
sedimentation was about 11.8 million m?, thus the total reservoir volume decreased by 10.5%,
the water area decreased by 8% and the dead storage decreased by about 0.3 million m* (12%)
at FPE. However, these changes differ for the reservoir at MPE, for instance the water area
decreased by 53% compared to the original.

For the period of 1996-2003, the total sedimentation was around 7.5 million m®, the
total reservoir volume decreased by 7.5% to the 1996 level. On the other hand, the water area
increased by 2.3 km? (16.5 %) due to significant right bank collapses, in some places ranging
10-50m. For example, the dead storage decreased by 0.74 million m® (34%) at the FPE in
Akdarya reservoir. At the MPE, the water area of reservoir decreased by 44% (refer to Figure
5.1).

The volume storage capacity loss rate is a key component for calculating the remaining
life of a reservoir (Ortt et al., 2000). Using the volumes of the accumulated sediments and the
age of the reservoirs, the annual storage capacity loss rates can be calculated. For example, for
the 21 years of the reservoir operation, the total loss of reservoir volume capacity is estimated
to be about 19.3 million m*. The Akdarya reservoir has lost its storage capacity at a rate of
0.92 million m® per year. As a percentage of its original storage volume, the annual loss rate
for Akdarya reservoir is 0.8% up to 2003.

The high rate of loss is explained by the significant right-bank erosion in some places
ranging from 20-50m. The upstream of the reservoir is heavily occupied by the vegetation
cover and in some places locals have created artificial rice paddy plots and the area under
such plantations is increasing.

The maximum depth according to design calculations was 23.4m but the maximum
depth observed during the last survey was recorded as 18.1m. During the field survey, the
area of shallow water increased especially in the entrance part of the river.
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5.2. Depth Measurement

The process of obtaining an accurate bathymetric survey is substantially more difficult
than that associated with land-based surveying. There are various error sources in data
acquisition and measurement in bathymetric survey. Therefore the method is subject to the
usual errors e.g. GPS limited availability and the definition of the water-mud interface (IHO
1998, 2005; USACE 2001).

Byrnes et al. (2002) and Johnston (2003) fully discuss about the limitations of
bathymetry measurements and their significance relative to inherent survey errors and
measurement uncertainties associated with data density. It is out of the scope of the paper to
discuss about errors and uncertainties in sampling campaign of bathymetric survey. The full
accuracy standards and uncertainties in bathymetric survey can be found in the following
manuals (IHO 1998, 2005; USACE 2001).

Furnans and Austin (2008) report that original reservoir volume estimates are limited by
the accuracy of existing topographic maps and land surveys estimates of the current capacities
for reservoirs not re-surveyed since their construction. The traditional methods of analysis
rely on topographic mapping and range survey data to estimate the sediment volumes of a
reservoir.

The range method is based upon interpolating the volumes from one range transect to
another. The further apart the transects are, the more the interpolation is involved and the
greater the possible error is. The total error in determining reservoir capacity volumes through
the use of this method have been estimated to be between 10 and 30% as reported by Morris
and Dunbar et al. (Ortt et al., 2000). Small errors in the storage capacity calculations translate
into proportionately large errors in sediment volume accumulation.

It must be pointed out that our applied method of simulation and estimation of reservoir
volume and surface area refers to the assessment of the total volume of trapped sediments in
the reservoir. However, the spatial distribution of the deposited sediment volume has
profound significations for the sedimentation countermeasure plan.

For example, as Mahmood (1987) proposed, the methods for the calculation of the
reservoir sedimentation can be divided according to physical aspects such as the total volume
of trapped sediment and the spatial distribution of the deposit volume (Mahmood 1987). The
location of deposited sediments within the reservoir may be of equal or even greater
importance to the reservoir operations as is the total volume deposited.

5.3. Kriging results

First, the experimental semivariogram is calculated from the experimental data from
2003. Then the theoretical model is fitted in order to examine the anisotropy. The spherical
model is chosen because of the equal spacing and orientation of the transects along which
depths were measured.

Figure 5.2 depicts the semivariogram of the reservoir bottom elevations for the Akdarya
reservoir. Anisotropy is defined as the ratio between the largest and the smallest variance in
the data that any attribute characteristics tend to change with direction. The anisotropy was

30



studied by fitting the theoretical model to the experimental variograms graphically. In order to
perform this task, the variogram (y-axis) was fixed and the theoretical model was plotted by
taking a tolerance of lag direction of 10 degrees and a step amount of 10 degrees. The smallest
variance is observed in the N20direction and the largest variance in the N110 direction.

The important variogram properties are the sill (C) that is the amount of variation in the
process that is assumed to generate data and the range (A) that is the distance beyond which
there is no correlation between data. The theoretical model with the same variogram
properties (sill, range, anisotropy ratio and angle) should be found and fixed for both
directions. Sill value is 12 and range is about 1600m with a lag distance of 200m. (refer to the
Figure 5.2).

After the variogram analysis, the interpolation is carried out with a kriging gridding
method. In gridding, the neighbourhood search is carried out with a search shape of ellipse
with radius 1 and 2 designated with 1600m (maximum lag distance on the variogram) and
with a number of sectors that is 4 with 6 maximum number of data used from each sector. The
Figure 5.3 illustrates the bathymetry of the Akdarya reservoir by kriging interpolation
method.

The Figure 5.4 depicts the reservoir volume and surface area by kriging and
experimental data (2003). There is no significant difference between the elevation-reservoir
volume and elevation-surface area curves from experimental direct measurements and
modelled (kriging) ones.

Figure 5.5 depicts the reservoir volume at different water elevations in space of the
Akdarya reservoir. Bathymetric map has helpful visualization effect for a reservoir operator
who can easily see how much water is available at different water elevations and its
distribution in space. This is particularly important for water intake structures that are
installed in a reservoir for irrigation diversions or public water supply systems. Operators can
take preventive measures for alleviating such scenarios.

5.4. Geostatistical works

The principal sources of error that are reflected in data are related to the density and
spatial configuration of the sample points (Johnston 2003). The spatial configuration is
critical in the kriging process and in all interpolation methods. The kriging weights and the
variance estimates are dependent of the variogram and the spatial distribution of the points but
not of the measured values. This is why equidistant spacing would be the best in bathymetric
data collection. Spacing of data points was much greater between transects than between
points on a given transect. Such a sampling approach introduces unnecessarily large variance
between transects into the modelled bathymetric surface.

5.5. Simulation results

After the kriging interpolation, 100 simulations (turning bands) by interpolation method
have been carried out for generating bathymetric surface models of reservoir bottom in order
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to calculate the reservoir volume and the surface areas. The results are given in Table 5.6 and
Figure 5.6. As it can be seen the kriging and experimental calculations most of the time for
the water elevations fall within the range of minimum and maximum values of simulation. In
particular, the significant difference in the reservoir volume is observed at higher water
elevations due to the shape of the Akdarya reservoir.

For example, at 494.5 m water elevation there is a difference of about 2% between the
simulated maximum reservoir volume (94.47) and the experimental one (93.17) that translates
in the absolute values as 1.3 million m* of water. At lower 477 m water elevation, the
difference in the order of magnitude between simulated maximum and experimental ones for
reservoir volume is observed (Table 5.6). It should be kept in mind that the Akdarya reservoir
has a relatively small reservoir volume capacity. If one considers the larger reservoirs of
Andijan and Charvak with an area of 1.9 and 2.0 km?® respectively, the difference in volumes
might be in one order of magnitude

5.6. Prediction of the Akdarya reservoir volume loss

The following equation is used for the prediction of the reservoir volume losses in the

Akdarya reservoir.
Rannual = (Vi - Vf)/t

Where: Rannuar 1S the mean annual actual sedimentation volume (Mm3/year); Vi is the initial
reservoir volume (Mm?®); V is the final reservoir volume (Mm?®); t is the number of years
(year).

For the estimation of the percentage of annual loss of the reservoir volume capacity the
following equation is used:

R% = (RannuaI/Vi) X 100

The results of prediction calculations are given in Table 5.7 and Figure 5.7. After the
annual reservoir volume storage loss is known then we have taken a 10-year increment for
prediction calculations. For example, there will be 85% loss of dead storage capacity in 2025,
i.e., it means that almost designed volume for sedimentation is vanished. In 2047 almost 50%
of the useful reservoir storage capacity will be lost, thus expensive dredging activities should
be carried out for a proper use of this hydraulic infrastructure. The Table 5.8 depicts the
forecasted volumes of the Akdarya reservoir for 2003-2053. Figure 5.8 depicts the sediment
accumulation (m) as total and by forecasted years.

5.7. Economic efficiency results

New contour and mapping programs have introduced automated reservoir volume and
surface calculation. This has significantly reduced the time, workload and financial burdens of
such projects. This is real financial savings for the introduction of the geostatistical approach
in reservoir sedimentation projects. For example, the economic efficiency for the calculation
of 1km? of reservoir decreased from 800,000 UZ sums to 540,000 UZ Sums (US$ 1=1335 UZ
Sums as of 07.10.2008) (Table 5.9).
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The savings per 1km? is about US$ 195 dollars. For example, the Akdarya Reservoir
surface area constitutes about 12.7km? and the overall savings can be about US$ 2,500. For
example, the surface area of neighbouring Kattakurgan reservoir is about 84.5km?. There are
some reservoirs with surface area greater than 150km? in Uzbekistan.
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CONCLUSION AND PERSPECTIVES

Climatic conditions and limitation of water resources put pressure on the sustainable
agricultural production in Uzbekistan. Thus, there is urgency for adaptation of innovative
estimation methods and technologies for cost-effective and accurate water resources
availability assessments in man-made reservoirs.

About one fifth of the irrigation water comes from man-made reservoirs in Uzbekistan.
The reservoir sedimentation surveys were carried out with traditional range survey/end area
method over the years. From 2003 reservoir sedimentation surveys are being conducted with
new bathymetric system that has GPS and electronic transducer capabilities. However,
manual data management persists in the practice that is tedious and costly with large human
induced errors for calculation of reservoir volume.

Proposed geostatistical approach in estimation of reservoir sedimentation with
variogram analysis, interpolation of points at unsampled locations and output continuous
digital bathymetric map of the reservoir bottom provide automated estimation of reservoir
volume and surface area loss due to sedimentation at the desired water elevation increments.
The proposed geostatistical method has shown it’s cost-effective in bathymetric survey in
Uzbekistan.

The geostatistical approach has advantages over the traditional computation methods
with a statistical analysis of data variance and fitting known mathematical model for
interpolation. Kriging interpolation method is a good first approximation. Simulation (turning
bands) interpolation introduces range of volumes and surface areas in contrast to traditional
estimates. Range volume values are more realistic estimates and provide water managers and
dam operators with information about the possible minimum and maximum estimates. In turn,
it is believed that there would be possibilities to react appropriately in decision making
process over sustainable utilization of water resources and hydraulic infrastructure.

The thesis argues that in all reservoir volume and surface area calculations, the range
should be foreseen for reflecting the realistic situation of resource availability. Geostatistical
approach reduces the workload for post-data processing and has shown its economic
efficiency for reservoir sedimentation projects and improves digital database for a given
reservoir and future computations of reservoir volume evolution.

New methods such as DTM (Digital Terrain Model) methods and application of GIS
capabilities must be incorporated in reservoir sedimentation projects for studying not only the
total volume of sedimentation but also the spatial distribution of the sediment accumulation in
reservoirs. This DTM method has a strong visualization effect for reservoir operators to
observe where the most sedimentation occurs and where specific location mitigation measures
can be carried out on a timely and cost-effective manner.

With the application of GIS and computer surface mapping software technologies a new
data management scheme at the national scale can be envisioned with the creation of digital
maps of reservoirs for sustainable operation physical infrastructure and management of water
resources for years to come.
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BBEJIEHUE

AkTtyanbHocTh padorsl. Kak ormerun Ilpesupent PecnyOnmuku Y3Oekucran M.A
KapumoB B kHure «MupoBoil (hUHaAHCOBO-IKOHOMHUYECKUI KPHU3UC, IYTH U MEpbl IO €ro
NIPEOJIOJICHUIO B YCJIOBUAX Y30€KHCTaHa» MPUOPUTETHBIM HAINPABICHUEM JJISI COIUAIIBHO-
SKOHOMHYECKOT0 Ppa3BUTUSl CTPaHbl B 3TUX YCIOBMSX SBISETCA ILIMPOKOE INPUMEHEHHE
3 PEKTUBHBIX METOJOB YIPABJICHUS NPOU3BOJACTBOM M PpAIMOHAIBHOE HCIIOIb30BaHUE
IPUPOIHBIX U UHPPACTPYKTYPHBIX PECYPCOB, a TAK)XKE BHEAPEHHUE JOCTHXKEHUI COBPEMEHHOMN
HAYKHU C UCIIOJIB30BaHUEM BBICOKOI((EKTUBHBIX HAYKOEMKUX TeXHOJIOTHH [ 1].

BopoxpaHuIMIIHbIE THAPOY3JIbI OTHOCATCA K YHCIy Hauboliee paclpoCTPaHCHHBIX
CJIOXKHBIX U OTBECTCTBCHHBIX C 3KOH0MI/I‘ICCKOI>JI, SKOJIOTUYECKOH U COIIPIB,J'H)HOﬁ TOYCK 3pCHUA
WH)KEHEPHBIX 00BEKTOB. Bo BceM mmupe ynensercs ocoboe BHHUMaHUE OOCCICUCHHIO HMX
UCIIpaBHOM U O6e30TKa3HoU padore [13].

B Hactosimee Bpems, oOSCIEYCHHIO HAJCKHOCTH M O€30MaCHOCTH BOIOXPAHMIIMIL B
Hamied crpaHe 3akperuieHo: 3akoHamMu PecnyOnmuku  Y30ekuctan «O  Bome w
BOJIOMNOJIb30BaHUN» OT 6 Mas 1993r., «O 6e30macHOCTH TUAPOTEXHUYECKUX COOPYKEHUID OT
20 aBrycta 1999r., u Ilocranosnenue IlpaButensctBa PecnyOnukn Y30ekuctan «O mepax
MOBBILICHHS OE30MACHOCTH Pa0OTHI U HAJEKHOCTH IKCIUTyaTallMM KPYITHBIX U 0CO00 BayKHBIX
BOJIOXO3SIMCTBEHHBIX 00BEKTOB Ha mepuoy 1999-2005», u 3TO SABISETCS MOATBEPKICHHEM
aKTyaJlbHOCTH Mpo0iemsl [2, 3, 4].

Ha tepputopun PecnyOnmuku Y30eKucCTaH SKCIUTyaTUPYETCsS OJHA W3 CIOKHEHIINX
WHXCHEPHO-UPPUTAIIMOHHBIX HUHPPACTPYKTYp Mupa. BoaHble pecypchl BOIOXpPaHMWIUIL
SIBJISIFOTCSL CTPATETHYECKUMU PeCcypcaMu UIsl YCTOWYMBOTO pa3BUTHSA PecnyOnuku B mepuoj
HAOI0TaeMBIX MAJOBOAMM M TEOMOJUTHYECKON OOCTaHOBKOW B cdepe TpaHCTPaHHUHOTO
yIpaBJeHUs] BOIHBIMU pecypcamu B CpemnHeasnarckoM peruwone [6, 7, 15, 20, 25, 30, 39, 41,

48, 98].

HNHTEeHCUBHOE pa3BUTHE CEIBCKOTO X035HUCTBA U MOBHIIIICHUE TOTPEOHOCTH B OPOIICHUH
3eMelNb XapakTepHoe s knuMmata CpenHedl A3uu, B 4acTHOCTH Y30eKucTaHa, MpUBeia K
pPE3KOMYy M3MEHEHHIO PEXMMa JIBIXKCHHSI BOJHOTO M TBEPJOTO MOTOKA B pycliax peK MyTeM
CTpOUTENBCTBA Bogoxpanuiul [17, 42, 52, 61, 83, 89].

Pexu Awmynapesa, Ceipmapbs, 3apaduian HecyT OOJBIIOE KOJIHMYECTBO B3BEIICHHBIX
BEIIECTB, U BOJOXPAHWUIUINA 3aWIAIOTCI HAHOCAMH. DTO MPHUBOIUTH K HEXKeIaTeIbHON
norepe eMmkocted. CTerneHb €XEeroJAHON MOTepH eMKOCTel BojgoxpaHuiuil B PecmyOmnuke
cocrasiisieT 0,5-1,0% u mepTBbIe 00BeMBI 3amieHbl Ha 50-60% [9, 48, 58].

JlaHHbIE MHOTOJIETHETrO OMbITA 3KCIUTyaTallud BOJAOXPAHMWIIMIL MOKAa3bIBAET, YTO Yepe3
OTIpENIeTICHHOE BpeMs, 4YacTh HX PETYIUPYIONINX EMKOCTEH 3auiisioTCs HAHOCHBIMU
OTJIOKEHUSMU. 3auiisisi BOJOXPAHWININA, HAHOCHl YMEHBIIAIOT WX TOJE3HBI 00beM U TeM
CaMbIM CHUKAIOT M COKPAILAIOT CPOK CITYKObI pabOThI BOJOXPaHUIIUIII.

TakuM oOpa3om, B JaHHOE BpeMsl UPE3BbIUAHO BaXKHO pa3paboTaTh U MPUMEHHUTH
OINICPaTUBHBIC METOABLI aHAJIN3a B OMMPEACIICHUHN TTOJIC3HBIX eMKOCTel BOAOXpaHWIMII T.K., OT
ATOr0 3aBUCUT CPOKHM HKCILTyaTallMM BOJOXPAHUIMIIHBIX THAPOY3JIOB W TapaHTUPOBAHHOE
BOZIOCHA0KEHHE OTpaciield HapOIHOTO X035HCTBRA.

W3 Bcero MHOrOoOOpas3usi MpeoOpas3yromel IesTEIbHOCTH YeNOBeKa, KaK MO CBOUM
MaciTabam, Tak ¥ Mo 3HAYEHUIO B INI0OATBHBIX SKOJIOTMUYECKUX CUCTeMaXx IJIaHEThI SBISETCS

36



npeoOpa3oBaHWe PEYHOTO 3BEHA TUIPOCHEPHI IMYyTEM THIPOTEXHUYECKOTO CTPOUTEILCTBA, B
YaCTHOCTU BOJOXpaHuiuil [5, 19, 23, 42].

Bonoxpanunuiia 3TO NPHPOJHO-TEXHUYECKHE OOBEKTHI, CTaBIIME HEOTHEMJIEMOM
4yepToil JaHamadTa CTpaH M BaXHBIMH JIEMEHTaMHU HallMoHanbHOro OorarcTsa [5, 80, 87,

101].

Hapoanoxo3siicTBeHHOE 3HAYEHUE BOAOXPAHWIMIL HEb3sl epeoleHUTh. C MOMOIIbIO
BOJIOXPaHUJTHIII HAJaJIOCh rapaHTUPOBAHHOE obecreyeHne OpOIICHUS
CEJIbCKOXO03SHUCTBEHHBIX 3eMelb, BOJJOCHA0KCHHE TOPOJOB U MPOMBIIUICHHBIX TIPEINPUSITHIA,
MIPOMU3BOJICTBO AJICKTPOIHEPIHH, OOph0a ¢ HABOJHEHHSIMH, Pa3BUTHE OTpaciedl HapOIHOTO
XO035UCTBA: CYJJOXOJICTBO, PHIOOJIOBCTBO M MHAYCTpUs Typusma [19, 27, 37, 42, 46, 52, 54, 62,

75,92, 97, 102].

[To manubIM MexayHapoaHoi komuccuu 1o OonbimmM 1wiotuHam (International
Commission on Large Dams) cymectByrot 6osiee 45 000 KpymHBIX BOIOXPaHHUIHII (BBICOTA
IUIOTHHEI Gonee 15 M mi eMKkocThio Gosee 3 MiH.M®) B 140 crpa”ax Mupa. IlosoBruHa 13 HUX
ObuIa MOCTPOEHA Ul UPPUTrallMY, C MOMOLIbI0 KOTOPbIX opouiaercss 6onee 20% oT oOuiei
wiomaan (270 MiH.ra) CeIbCKOXO3SIMCTBEHHBIX 3€MeNb, TAe mpomsBomutcs 12-16%
CEIbCKOXO3SMCTBEHHOW  MHUPOBOM  NpOAYKUMH, U nOpousBoautcss  okoimo  20%
ruapo3aexTposHepruu [80, 102].

[To mamaeiM Bceemuproii komuccun mo miotudam (World Commission on Dams) u
BceemupHoit acconmaiuu 1o uccienoBanuio 3posun u 3amienus (World Association on
Sedimentation and Erosion Research) 6osee 50% HaHOCHOTO CTOKa PETYIMPYEMbIX PEUYHBIX
OacceitHOB ocakJaroTcs B Bojgoxpanmmiax [63, 99, 100].

PacueTsl moOKa3alu, 4YTO €XEroAHble MOTepu OOBEMOB MabIX M  OOJBIINX
BOJIOXPAHWJIMII MPOIIECCY 3amiieHusi coctaBisier B cpenneMm 0,5-1%, a B Kurtae - 2,2% ot
MOJTHOTO 00BbeMa U SKOHOMHUYECKUH yiepO oneHuBaercs B 6 miipa. nosutapos CIIIA (1987r.)
[75, 87, 103].

B 2003 r., mo nanusiM MupoBoro banka exeroaHsiii 53KOHOMUYECKUH yIepO OT moTepu
e€MKOCTe BojoXpaHWiIMI oneHuBaeTcs B 13 mupa. nomnapoB CHIA u exeronHble motepu
emkoctet B 1-2%, u 3TO 3HA4YUT, 4TO OKOJO 25% MHUPOBOTO MOJHOTO OOBeMa OyneT
norepsiHa B TeueHue 25-50 ner [89]. Dra mpobiieMa akTyallbHa BO MHOTUX CTpaHax mupa [22,

29, 53, 69, 86, 93, 95].

B V36ekucrane co3gaHo 55 MCKYCCTBEHHBIX BOJOXPAHWIMIL, C MOMOIIBIO KOTOPBIX
nonaercs 24% (oT obmero odwvema) opomaeMoil Boasl [46, 70]. OOmMii COBOKYIHBII
MOJIHBIM U TOJIE3HBIN 00bEMbI BOJOXPAHUIIUIL COCTABIISET 19km° 1 14,5km° cooTBeTCTBEHHO.

[lo nmaHHBIM TOCYJapCTBEHHOTO YHUTapHOro mpeanpusatus «Botiometrik markaz»
Pecnybnukanckoro oobeanHeHUs «Y3BOJpeMdIKCIUTyaTalus» MUHHCTEPCTBA CEIbCKOTO U
BOJHOrO Xxo3siiictBa PecnyOnmuku Y30ekucran (nanee barumerpuueckuil 1IEHTp), CTENEHb
€XKETrOoJHOM IOTepU €MKOCTEH BOJOXPAHWIMIL IIPOLECCY 3aMjI€HHMs] COCTaBIsAET JUIS:
Kaitpakymckoro — 0,8%; Yumkypranckoro — 0,5%; IOxnHocypxanckoro — 1,0% wu
[Taukamapxkackoro — 0,75%. 3a 10 ner paboTsl TaxuaTamckoro rupoysia B BepxHeM Obede
otnoxkmnocs 21,67 wmmH.M®, 06beM coctaBmn 49% OT MONHOrO 06BeMa PYyCIIOBOTO
BojoxpaHmwiuia [9, 58].

dakTrueckass WHTEHCUBHOCTL 3aMJIEHUS BOAOXpAaHUIMIL BO MHOI0 pas MpEBBIIIACT
npoekTHbIe pacyeThl. [lo pesynbraraMm uccienoBaHui, (hakTUUeCKUd 0OBEM OTIOKEHUU B
BoZloXpaHmWIHIax PecnyOnuku Y30eKuCTaH MPEBBINIACT MPOSKTHBIA 00heMBI B cpeaHeM 1,5-
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2 paza u Oojee, 3TO CBHJETEIbCTBYET O HEJIOCTATOYHOW HAJEKHOCTH HMCIOJIB3YEMBIX MpPH
COCTaBJICHUH MPOEKTOB TPAIUIIMOHHBIX METO/IOB PACUETOB 3amyieHus [9].

W3ydenuto Bompoca 3aujieHHs] BOJAOXPAHWINIL U METO/IOB pacueTa MOCBALICHbI paOOThI
MHOTHX HCCJeI0BaTeNeld, B TOM YHCie pa3padOTKH OTEUYECTBEHHBIX YYEHBIX Y30eKHucTaHa,
KOTOpBIE MO3BOJIMIM MOHATh (PU3UYECKHM MPOLECC OTIONKEHHs HAaHOCOB U pa3paboTaTh
MeTOoAbl pacyera s 3(P(GEKTUBHOTO yIpaBieHUs BopoxpaHwmmmamu. OJHAKO B ITHX
METOJaX  MPHUHATHl  pa3lWyHble  JONYUICHHS, YTO  OOYCIOBJIEHO  CIIOKHOCTHIO
paccMaTpuBaEMoOro SIBJICHUS, HEJOCTATOYHOH JOCTOBEPHOCTbIO MCXOJIHBIX JAHHBIX U
OTpaHUYEHUEM TPAAUIIMOHHBIX U3MEPUTEIHHBIX PUOOPOB MPOLUIBIX JeT [54].

0O0630p CyILIECTBYIOLIUX METOJIOB pacueTa BBISBHIIO CJIEIYIOLIEE:

1) CaoxHOCTH pacyera, TPeOYIOUIMX HAIMYUE OOJBIIECT0 00beMa HCXOMHON HH(POPMAIIUH U
IFPOMO3AKUX JOTIOJHUTEIbHBIX BHIYUCICHUH.

2) bBosblie OTKJIOHEHHS pPE3yJbTaTOB pacdyeTa OT HATYPHBIX [TaHHBIX IO 00bEMY H
MECTOPACHOJI0KEHUIO OTI0KEHUI HAHOCOB.

3) Hwmerome MeTombl pacyera ObUTH pa3pabOTaHbl Uil PYCIOBBIX BOJOXPAHHJIMII, IJI€
IpeJIoiaracTcs ypoBEHb BOJIbI IPU HOpMaJIbHOM noAnepToM ypoBHe (HITY).

4) PaccmarpuBaIrch MeJIKUE (PPAKIUU HAHOCOB M HE YUMTBIBAIUCH MepepaboTka Oeperos u
HAHOCBI, NPUHOCHMBIE BETPOM, KOTOpPbIE MOI'YT COCTaBUThb MHpuUMEpHO OT 3 10 6%
roJI0BOro 00beMa HaHOCOB.

5) A camoe riaBHOE, TPAIUIIMOHHBIC METO/IBI PACUETa HE MO3BOJIAIOT B ONCPATHBHOM KJIFOUE
ONpeAeNuTh W MPOTHO3UPOBATH COCTOSHUS TOTEP  PETYIUPYIOLUIUX  EeMKOCTel
BOJIOXPaHMJIMILL.

B smoxy OypHOro pasButus MHQOPMAIMOHHBIX TEXHOJOTHM, HOBbIE pa3pabOTKU U
OTIepPATUBHBIC METOMABI CTAIH HIMPOKO HCIIOJIB30BAThCA B OATUMETPUUECKUX HMCCIIEIOBAHUSX,
B YaCTHOCTH, B OIpeJeJeHUH O00bEeMOB 3aujieHHs BoxoXpaHwiui [79]. OHM MO3BOJISIOT B
C)KaTble CPOKH IPOBOJUTH: IOJIEBBIE OOCIIEIOBAHMS, KaMepallbHyI0 0OpabOTKYy JaHHBIX U
ABTOMATHU3MPOBATh PacueThl TAOJIUIl KOOPAWHAT OOBEMOB M CTPOHUTH KPHUBBIE OOBEMOB IO
CPaBHEHMIO C TPAJAUIMOHHBIMU METOJAaMH{, YTO B CBOIO OY€pe/b 3HAUMUTEIbHO YMEHbBIIAET
(dbuHaHCOBBIE 3aTpaThl U BpeMs I MpoBeneHus uccienoBanuit [10, 47, 65, 71, 77, 82, 91,
96]. PazButne nH)OpMAIMOHHBIX TEXHOJOTUM, TAJI0 HOBBIE BOBMOXKHOCTH JJIS OTIEPATUBHOTO
aHaJIM3a onpeeIeHns 00bEMOB 3aUJICHUS BOAOXPAHUIIHILL.

Kak mnokazana MHOTOJETHsISI MpaKkTUKa, OJHUM M3 3((EKTHBHBIX METOJOB pacdera
o0beMa 3aWyIeHUs SBISETCS MOBTOPHbIE OATUMETPHUUECKHE CHEMKH Yalll 3KCILTyaTHPYEeMBbIX
BOAOXPAaHUIINIII, MMO3BOJIAIOIIMEC  ITOJYy4YaTb KOHCYHBIC 00BEMBI  3aWJICHUS. 3HAYUTH
HE00X0/IMMO HIMPOKOE MPUMEHEHHE ITUX pa3padOTOK B OATHMETPUYECKHUX HCCIIEAOBAHUIX
JUIS TIOBBILIEHUSI HAIEKHOCTH pabOThl BOJOXPAHMWIMIL B LEJAX COXpaHEHUs U 3((HEKTUBHOTO
MCIIOJIb30BaHUs BOJHBIX pecypcoB B PecriyOmnuke Y36ekucran [35, 47, 78].

U3 o630pa HU3YUCHUA HpO6JICMBI 3alJICHUd W MCTOIAOB pacydeTa €MKOCTel
BOOOXPAHWIMI CTAHOBHUTCA OYCBUIAHBIM, YTO AdaHHAasd npo6neMa SABIIACTCA aKTyaﬂBHOﬁ n
MCTOJbI pacuc€Ta HAXOAUTCId B HCSB.BCpI.HCHHOfI CTaAuu PCIICHHA, IMO3TOMY HACTOAMIAA
JAUCCepTallMOHHAA pa60Ta IOCBAIICHA K HMCIIOJIB30BaHUIO FGOI/IHCbOPMaHI/IOHHI)IX CHUCTEM JIA
pacycTa 00BEMOB 3aUJICHUS 9KCIUTYaTUPYCMBIX BOJOXPAaHWUIINIII.

CBsi3b aMcCePpTAIIMOHHONH padoThl ¢ TemaTnyeckumu mjganamu HHUP. Tema
JUCCEPTAIMOHHON pabOThl BXOJUT B PaMKH MPHOPUTETHOTO HAIPABJICHUS PA3BUTHS HAYKU
«CoOBEpIICHCTBOBAHNUE CHUCTEMBI PAIMOHAIHHOTO HCIIOJIB30BAHMS W BOCIOJIHEHHUS BOJIHO-
3€MENbHBIX PECYpPCOB...» omnpeaeneHHod KomMuTeToM MO KOOpAMHAIMU Pa3BUTHS HAYKU U
texnosioruii mpu Kabwaere MunuctpoB PecnyOnmku Y30ekucTaH W TeMaTHYECKHE TIIAHBI
HAyYHO-UCCIIEIOBATENLCKUX  paboT  dakynpTreta «CTPOUTENBCTBO U IKCIUTyaTalHs
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UPPUTALMOHHBIX THIPOTEXHUYECKUX COOPYKEHUI» TalllKeHTCKOro MHCTUTYTa UPPHUraliu U

MENMOpALMU U yTBepkJeHa Ha YueHoM coBete TUNM 24 mapta 2006 rozna, npotokosa Ne 6.

Heab wuccaenoBanus. llenplo naHHON paboOTHl  SBISETCS COBEPLICHCTBOBAHME
ONEPAaTUBHBIX METOAOB 3aMepa IIIyOMH, KaMepaJdbHOH oOpaOOTKH NaHHBIX M METOJa
OIpe/IeNIeHUs M0JIE3HOW €MKOCTH BOJOXPAHMWIIUIL C MCIIOJIb30BaHUEM I'€OMH(pOpPMaIlMOHHbBIX
CHCTEM.

3anaum ucciaenoBanusi. ChopMynMpoBaHbl CIEAYIOLINE 3aJa4l UCCIeI0OBaHUMI:

1. TIlpoBectu aHanu3 U 0030p COBPEMEHHBIX TEXHOJOTHUH M METOJOB B OATUMETPHUYECKOM
ChEMKE Yalll BOAOXPAHMIIUIIL.

2. CoBeplIeHCTBOBATh METOJI 3amMepa TiyOuH ¢ ucnosin3oBanueM O6arorpapa CEEDUCER®
C MPUBS3KOU K Ti00anbHON cucteme no3unnonupoBanust (GPS-cucrema), nu momydeHus
KOCMHUYECKOW ChEMKH O0BEKTa C MOMOLIbIO 00LIeOCTyHOro mnpuiokeHus Google
Earth® ceru UurepHer.

3. PekomMeHmOBaTh BHECEHHE IOMPABOYHBIX KOIP(GUIMEHTOB sl 3HAUYEHWH TiIyOuH,
pa3paboraHHbIX MexyHapoaHoil ruaporpaduyeckoit opranuzanuein (MI'O) ¢ yuetom
HAOJII0AaEMBIX TMOTPEITHOCTEH B HATYPHBIX U3MEPEHUSX.

4. Pa3paboTaTh METOJl r€OCTATUCTHYECKOIO aHAIM3a JUIsl ONpPEJENIeHUs] MOJe3HOH eMKOCTH
BOJIOXPAHWIMI C TIOMOIIbI0 KoMmmbiOTepHOH mnporpamMmbl  SURFER®  myrem
BapUOTPaMMHOI'0 MOJIEIMPOBAHUS JJIsl IPOTHO3a 3HAYEHUI BBIOOPOK TIIyOMH, HA MECTax
UX OTCYTCTBHUS C IoMolibio uHTeprnonsaTopa Kriging B co3nanuu HaydHO-00OCHOBAHHOM
CETKH 0aTHUMEeTPUYECKON MOJEIH Yallli U3 TUCKPETHBIX TOUEK U3MEPEHU.

5. Co3marp 1M@PpPOBYI0 OaTUMETPUUYECKYIO MOJElb Yalld BOJOeMa (Ha Ipumepe
AKJapbUHCKOTO BOJIOXPAHUIINIIIA).

6. IlpoBectT mpOrHO3 TMOTEP EMKOCTEH BOJOXPAHWIMINA IO JaHHBIM MHOTOJIETHHX
bakTHueckux 00beMOB AKAAPLUHCKOTO BOJIOXPAHMIINIIA.

Ob0bekt u npeamer wucciaeqoBaHusi. OOBEKTOM  HCCIEAOBAHUS  SBISIOTCS
BOJIOXPAaHWINIIA, OTCTOMHHUKH, O3epa U UppHUraliioHHbIe KaHanbl. [IpeaMeroM HccienoBanus
SIBIISIETCS OIICHKA W TIPOTHO3 COCTOSHUS TIOTEPh IMOJIE3HBIX E€MKOCTEH JKCILTyaTHPYEeMbIX
BOJIOXPAHWJIMIL] C UCTIOJIb30BaHUEM I'€OMH(POPMALIMOHBIX CHCTEM.

Meroauka wuccaenoBaHuil. [ pelmIeHHWs IOCTaBICHHBIX 3a4ad  METOAMKA
UCCIIeIOBaHMs pa3/ielieHa Ha MoJieBble M yKciaeHHble. [loneBbie oOcnenoBaHus MPOBOAUINCH
Ha OCHOBE METOAMKH Hucmoib3oBaHusi Oatorpada CEEDUCER mms 3amepa rmyOuH m ux
KOOpJIMHAT MECTOpachojiokeHus ¢ yBsa3kod k GPS-cucteme. UucrneHHble HccieI0BaHUsA
MIPOBOJIMIIMCH HA OCHOBE OOIICTIPUHSTHIX METOJOB CTaTUCTUYECKOTO aHajH3a B YaCTHOCTH
BapUOTPAMMHOTO  MOJAEITUPOBaHMUA  (CTPYKTYPHOIO  aHaiuu3a), M  HCIOJb30BaHHE
UHTEPIOJISIIMOHHOr0 Metoa Kriging mpu co3faHuu CeTKH 0ATHMETPUYECKON MOJCTH Yalld
BOJIOEMA JIJIS pacdeTa 00beMOB AKIApPbUHCKOTO BOJIOXPAHUIIHIIE.

I'unore3a wuccaenoBanmii. I[lpennoxkeHHsle W pa3paboTaHHBIE PEKOMEHJAIMU IO
COBEPIICHCTBOBAHUIO  OMEPAaTHBHBIX  METOAOB  OIPENEJICHUS  TOJIE3HOM  €MKOCTH
BojoxpaHwMiy B PecrnyOnuke Y30ekuctaHn OyayT COCOOCTBOBaTh B C)KaTbhleé CPOKH M C
MEHBIIUMH  (MHAHCOBBIMH  3aTpaTaMd  OINEPATUBHO CTPOUTH KpUBBIE OOBEMOB C
UCIIOJIb30BAHUEM COBPEMEHHBIX T€OMH()OPMAIIMOHHBIX CHCTEM B HAJI@KHOM 3KCILTyaTaluu
BOJIOXPAHWIHI W PAIMOHATBHOMY HCIIOJIB30BAHUIO CTPATETUYECKAX BOJHBIX PECYpPCOB
BOJIOXPAHWJIMIL ISl YCTOMUMBOTO Pa3BUTHS HAPOJHOTO XO3SHCTBA.

3ammuiaemsble moJioxkeHusi. OCHOBHBIE TIOJIOKEHUS, BRIHOCUMBIC HA 3aIHTY:

1. PaspaGoranHblii M  anpoOMpPOBAHHBIA METOJ TIEOCTATHCTUYECKOTO aHalu3a B
THIIPOTEXHUYECKOM CTPOUTEIHCTBE IS OTIEPATHBHOTO OIPEIEICHUS TIOJIe3HBIX eMKOCTE!
BOJIOXPaHMJIHILL.

2. CucTeMHBIH TMOJXOJ] HCIOJIb30BaHUsA reonHpopmanroHHblx cucteM (GPS-cuctema,
oatorpap CEEDUCER, mporpamma SURFER wu mnpunoxenus Google Earth cern
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WutepHer) B Peciybnuke Y30ekucTan A onepaTUBHON OLIEHKHM M IIPOTHO3Y COCTOSHUS
MOJIE3HBIX €MKOCTEH BOJIOXPAHUIIULI.

3. OO0oCHOBaH HPOIECC CO3JaHMsS JIOKAJbHONW BBICOTHO-IIJIAHOBOM CeTH OOBEKTa U
reorpaduueckux KoopauHar riyour B GPS-cucreme.

4. Pe3ynbraThl pacueTa KpUBBIX O00BEMOB  AKIAapbUHCKOTO  BOAOXpPAaHWJIMILA C
MCIOJIH30BAaHUEM MOMPABOYHBIX KOdpummenToB MI'O.

5. Pe3ynbraThl 4YHCIEHHBIX MCCIEIOBAHMN MPOTHO3a 3HAYEHUs BBIOOPOK IIyOMH
BOJIOXPAHWJIMII HA MECTAX UX OTCYTCTBUS, IIyT€M BapUOTPAMMHOTO MOJICIIUPOBAHUSI.

6. CozpnanHas nudpoBas OaTumeTpuueckas MoOJeNb 4Yalld Bojoema (Ha Tmpumepe
AXIapbUHCKOTO BOJIOXPAHUIIUIIA).

7. IlporHosHsle pe3yiabTaTbl U3MEHEHHs MEPTBOIO U IOJIE3HOT0 00BEMOB AKJApbHUHCKOIO
BOJIOXPaHWIHILA U JUHAMUKH U3MEHEHUS POTHO3HBIX KPUBBIX 00HEMOB.

HoBu3Ha padoThl 3aKII0YAETCs B CIIEYIOLIEM:

1. BmepBble pa3paboraH U ampoOMpOBaH METOJ TE€OCTATUCTUYECKOrO aHajliu3a B
THJIPOTEXHUYECKOM  CTPOUTENbCTBE  JUISI  ONpEJeNieHHs  IOJIe3HbIX  00BbEeMOB
BOJIOXPaHMJIHILL.

2. lTloka3aH CHCTEMHBIH TOAXOJ MCIOJb30BaHUs T'eoMH(POPMAMOHHBIX cucTeM (GPS-
cucrema, 6arorpadp CEEDUCER, nporpamma SURFER u mnpunoxxenuss Google Earth
cetu MHurepHer) B PecnyOnuke VY30ekucTaH i ONEPAaTUBHOW OLEHKH U IPOTHO3Y
COCTOSIHUSI TIOJIE3HBIX EMKOCTEH BOJIOXPaHUIIHILL.

3. IlosmyueHsl HOBbIE pe3yJbTaThl pacueTa KPUBBIX OOBEMOB BOJOXPAHWIMIIA C YUETOM
MOMPABOYHBIX  KOX(PQPHUIMEHTOB Ui 3HAYEHUH M3MEpSeMbIX TIIyOMH COTJIaCHO
cranapram MI'O.

4. DKCIEPUMEHTAJIbHO YCTAHOBJIEH HAyYyHO-OOOCHOBAHHBIM pa3Mep sA4YelKH CETKHU

0aTUMETPUUECKOM MOJENM 4Yalld BOAOXPAHWJIMIA C TOMOLIbI0 BapHOIPaAaMMHOTO

MO/JICIIMPOBAHMUSL.

Co3nana udposast 6aTuMeTpudecKas MOJeINb Yali AKJapbUHCKOTO BOJIOXPAHMIMIIA.

Pa3pabotan MeTon mporHos3a MOJE3HOM €MKOCTH AKIapbHHCKOTO BOJOXPAHMIHILIA C

Y4ETOM MHOTOJIETHUX (PaKTHUECKUX 00BEMOB 00BEKTA.

Hayynasi u npakTuyeckasi 3HAYMMOCTH Pe3yJbTaToB HccjenoBanuii. OCHOBHas
Hay4Has M NpPaKTUYeCKas 3HAYUMOCTh IOJIyYEHHBIX PE3YJIbTAaTOB MCCIIEJOBAHUN COCTOUT B
CHCTEMHOM MPUMEHEHHH reOnH(OPMAIIMOHHBIX TEXHOJIOTHH HAYYHO-HCCIIEI0BATEIICKIMHA U
IOPOEKTHBIMM MHCTHUTYTaMH B BOJIOXO3SIIICTBEHHOM HANpaBICHUU s ONEPaTUBHOIO
OTIpeNIeNIeHNs] W TPOTHO3a COCTOSIHMS OOBEMOB 03€p, BOJOXPAHWIHII, OTCTOWHUKOB W
UPPHUTalOHHBIX KaHAJIOB, a TAKXKe UCCIIEOBAaHUM JedopMaLuu pycen pek.

Pa3zpaGoTaHHbIll reoCTaTUCTUYECKUNH METOJl MO3BOJIIET aBTOMATU3UPOBATh BEC IMKII
NPOBE/ICHUST OATUMETPUUECKUX HCCIICIOBAHUI, W B CXKATHIE CPOKU OINPEACITHTH TaOIHILY
KOOp/AMHAT O00OBEMOB M IUIOMIAJEH 3epKana BOJOXPAHWIMIIA, M IMOCTPOUTH IMPOTHO3HBIE
KpPHUBBIE 00BEMOB IS JUCTIETICPCKHIX CITY>KO BOAOXPAHFITHIIL.

OCHOBHBIM TPaKTHYECKUM MpPUMEHEHHEM OyJeT yMEHbIIEHHE BpeMsi KamepalbHOU
o0paboTku Ha 80% u moneBbix — Ha 50% 3a cueT yBenuueHUs: 00JIacTU OXBaTa U3MEpPIEeMOit
NOBEPXHOCTU. Pa3paboTaHHBIM MeTOJ NMPOrHO3a TMOJE3HOH EeMKOCTH IpH aOCOTIOTHBIX
OTMETKaxX TI03BOJISIET  ONEPAaTHBHO  ONPEACTUTh NPOTHO3  HApalIMBaHUS  OTMETOK
BOJI03a0OpHBIX ¥ BOJIOBBIIYCKHBIX  COOPY)KEHHH  JJs  HaJeXKHOM  SKCIUTyaTaluu
BOJIOXPAHWJIMIITHOTO THAPOY3JIa U3-3a TIOTEP PETYIHPYIONINX EMKOCTEH.

Peanuzanmsa pe3yabraToB. PaszpaGoranHas mertojosnorus «PykoBOJICTBO 1O
npumeHernto niporpamMbl SURFER-7 amst pacuera momnie3HOW €MKOCTH BOJIOXPAaHUIIHIIAY
YTBEP)KJIEHO MUHHCTEPCTBOM CEIBCKOIO M BOJHOTO Xo3sicTBa Pecnybnmuku Y30ekucran u
ucrnonb3yercss B pabore barumerpuyeckoro neHtpa. Takxke, HOdydeH akT BHEIPEHUs
pe3yJbTaTOB HAYYHBIX HCCIEIOBAaHMN B NPOU3BOACTBO B PecrnyOnukaHCKOM 00BEIMHEHHH

oo
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«Y3Bogpemdkcrutyatauusi». Co3mana nu@poBas  OaTUMeTpuyeckas MOJENb  YallH
AKIapbUHCKOT0 BOJIOXPaHUJIUINLA.

Oxwunaemass skoHomMuueckas 3(Q(PEeKTUBHOCTh MeETOJa pacueTa IOJIE3HOW EMKOCTH
orenmBaercs B 260 Thic. cym Ha lkm® mccaexyemoro obbekra. Cosmana wmdposas
OaruMerpuueckas MoOJenb  4YamM — AKIapbHUHCKOro  BoxoxpaHwiuiia.  Oxujgaemas
SKOHOMHYECKasT 3()(HEKTUBHOCTH COCTABISET OKOJO 3 MIIH.CYMOB Ui AKIapbUHCKOTO
BojioXpaHwinia. Kpome Toro, Meroauka MCIoONb30BaHa JUIsl pacueTa MOJE3HOM eMKOCTH
KOxxHOCYpXaHCKOro BOIOXpaHWIUIIA (CM. pUIIoKeHus 1 u 2).

Anpo6amusi pa6orbl. OCHOBHBIE TIOJOKCHHS JTUCCEPTAIMOHHOW pPabOThl ObLIH
u3aoxkeHsl Ha |V Hay4HO-TIpaKTHYECKOW KOH(pEpeHIUH MarucTpanToB «COBpeMEHHBIE
po0JIeMbI BOJTHOTO U cebcKoro xo3siictBay, TUMUM (12-13 mas 2005 r.); PecnyOnukanckoi
HAYYHO-TIPAKTUIECKON KOH(MepeHIH, MOoCBAIeHHON 60-1etnto gakynpreTra CTPOUTEIBCTBO
U JKCIUTyaTalisl HPPUTALIMOHHBIX THAPOTEXHUUECKUX coopyxeHui «[Ipobiembl Haa&KHOCTH
1 0€30MaCHOCTH THAPOTEXHUYECKUX coopyxenuit», TUMUM (Tamkent, 22-23 Hos6ps, 2006
r.); IV nayuyHo-mpakTHueckod KoH(pepeHUun «MOIOoIbIX CHEeNHATUCTOB, MOTYYHBIINX
obOpa3oBanme 3a pyoexxom» (ouma I[lpesmmenta Pecnyomuku VY36exuctan MCTEDBIOM
(Tamxkent, 24-25 nos6ps, 2006 r.); VI HayuyHO-TIpaKTHYECKON KOH(EPEHIIMH MaruCTPAHTOB U
MOJIOJBIX y4eHbIX «COBpEMEHHBbIE MPOOJIEeMbl BOJAHOTO M CEIBCKOTO Xo3siiicTBa», TUUM
(Tamxkent, 18-19 mas 2007 r.); MexayHapoqHOW HaydHO-IPAKTUYECKON KOH(EpeHIIUn
«MunoBanusa-2007», Taml' TY (Tamxent, 24-26 oxta6pst 2007 r.); PernonaibHom yuyeOHOM
kypce «Ilo obecriedeHno 6€30MaCHOCTH THAPOTEXHUUECKUX COOPYKEHUI» OpraHn30BaHHBIH
['ocynapctBenHoi uncnekuueil «I'ocsoaxo3nanzop» npu Kabunere Munucrpos Pecnybnuku
VY30ekucrtan coBmectHO ¢ EBpomeiickoli Oxonomuueckoir Komuccueit Opranuzanumn
O6benunennbix Hauumit (EDK OOH) (Tamkent, 11-14 mas 2009 r.); u no jauHumM
MEXIYHapOJHOro Hay4yHo-uccienosarensckoro rpanta MHTAC g1 MoOnombIX y4deHBIX
«INTAS Young Scientist Fellowship 2004, Nr.04-83-3665» (2005-2008 rr.); a Takxe Ha
Hay4YHbIX ceMHMHapax Kadeapsl «[ MIpOTEXHUYECKHE COOpPYXKEHHMS U HUH)KEHEpHBIE
KOHCTpyKimn» THUHMUM u HaydHO-HCCIEAOBATENbCKOTO LEHTpa «Pa3BuThe NpUKIaIHBIX
reoHayk» ®@paniy3ckoro YHuBepcurera bopmo-1.

Ony0MKOBaHHOCTH  pe3yabTaToB. (OCHOBHBIE pe3yJabTaThl M MOJOXKECHHS
JMCCepTAallMOHHOW palboThl omyOnukoBaHbl B 10 HayuHbIX paboTax, M3 KOTOpBIX 3
pEeLEeH3UPYEMBIX HAayYHO-TEXHHUYECKMX KypHasax Hu «PykoBOACTBO 10 NPHUMEHEHUIO
nporpammbel SURFER-7 1151 pacuera monie3HON eMKOCTH BOAOXPAHUIIHIID.

Crpykrypa m o0bem auccepranuu. Pabora cocTOUT U3 BBEIECHMS, YETHIPEX TIJIaB,
3aKJIIOYEHHS, CIHCKA MCIOJIb30BAaHHONW JIMTEPATypbl W MNPWIOKEHHH. B IpHIIoKeHUsx
IIPEJICTABJICHBl AaKT BHEAPEHUS pE3yJIbTaTOB HAy4YHBIX MCCIEAOBAaHUN B IPOU3BOJACTBO U
«PykoBOACTBO TIO TIpUMEHEHHWIO...». [luccepramus wu3inoxkeHa Ha 113 crpaHumax
KoMmmbioTepHoro tekcra (mpudt Times New Roman Nel4), kmrouaer 28 pucyHkoB, 17
TaOJIMIl U CIHCOK HCIOJIb30BaHHOM nwutTeparypbl u3 103 HammenoBanuil. OOumii o0bem
pabotsl coctaBisier 143 crpanuu. [Tpunoxenus coctoat u3 30 cTpaHuilL.

PaGora BbImoiHEHa coBMeCTHO Ha Kadeape «['MAPOTEXHUYECKUE COOPYKEHUS U
UH)XKEHEepHble KOHCTpykuunm» THHM mnojx HaydyHbIM pPYKOBOACTBOM Ipod., JOKTOpa
TexHHuueckux Hayk M.P. bakueBa n HaydyHBIM pyKOBOJCTBOM, IHpod., JOKTOpa ¢uiocodun
(PhD) ®umunmna Jle Kocrtiomepa (Philippe Le Coustumer) Hay4Ho-mcciie0BaTelIbCKOTO
neHTpa «Pa3ButHe npukiagHeIXx reoHayk» @Opaniry3ckoro ynusepcurera bopno-1, kotopeim
aBTOP BBIpa)KaeT TIyOOKYIO MPU3HATEIBHOCTh 3a LIEHHBIE COBETHI M HAYYHbIE KOHCYJIbTAIUH.
Taxyke aBTOp BBIpaXKaeT NMPHU3HATEIBHOCTH JOLEHTaM yHUBepcutTeTa bopno-1 ®dpenepuky
XiwoHo (Frederic Huneau) u Auryany Mapamry (Antoine Marache), takxe npod. Mukasio
Morenuka-Xoitno (Mikeal Heino-Motelica) u3 ynusepcutera Opinean (®Ppanius) 3a ux
IIPAKTUYECKHE COBETHI U PEKOMEHAIINH.
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Conep:xkanue padoThl.

Bo BBeeHMH KpaTKO 0OOCHOBBIBACTCS AKTYaJIbHOCTh pabOThI, CPOPMYINPOBAHBI LIETb
U 3a7auu uccienoanuii. [lokazana HayyHas HOBU3HA, IPAKTUYECKas [IEHHOCTh U pean3alius
pe3yIbTATOB.

B nepBoii riiaBe paccMaTpuBaeTcs COBPEMEHHOE COCTOSIHUE W3YYEHHOCTH MPOOJIEMBI
3auJICHUs BOJIOXPAHWIMI, a TakKe 3HAYUMOCTh Uit PecnyOnmku Y36ekucran. [IpuBogurcs
0030p MeponpusTuil 1Mo O60prOe C 3TUM SBIEHUEM, a TaKkKe OOCYKIAIOTCS HEraTHBHBIE
NOCJIEICTBHS 3aUJICHUS BOJIOX PAHUIIALII.

Bo BTOpOIii ri1aBe npuBOAUTCS KPUTUYECKUI aHAIIN3 CYIIECTBYIOUIMX METO/IOB pacueTa
3auJIeHUs U JaeTcsi 000CHOBaHMS B pa3pabOTKe Tre0CTaTHCTUYECKOT0 MEeTo/ia aHau3a. Takoke
paccMaTpUBAIOTCS COBPEMEHHBbIE METOAbl M TEXHOJOTMM TpU 3amepe TiayOuH B
0aTUMETPUYECKUX HCCIIEAOBAaHMIX. BriepBeie NpPOBOAUTHCA 0030p 0a30BBIX KOHLEHIIHNA
cucTteMbl  TioOanmpHOro mosunuonupoBanus (GPS) s ompenmenenus  KoopauHaT
MECTOPACIIOIOKEHHUS TUIABATEIILHOTO CPENICTBA, C OOPTAa KOTOPOTO MPOBOJUTCS 3aMep IIyOuH
MPUMEHUTEIHHO OATUMETPHUUECKUX HCCIEAOBAHUM.

PaccmarpuBaroTcss OCHOBBI T€OCTaTHUCTHKH, ocoOeHHoctu mnporpammbel SURFER u
MoNpaBoYHble KO3 (UIIMEHTHI, peKoMeHJoBaHHble cTaHaaptamu MI'O s ymydiieHus
TOYHOCTH 3HAYCHWH TIIyOMH ¢ Yy4eToM HaOJII0aeMbIX MOTPEUIHOCTEH B HATYPHBIX
U3MEPEHUSIX.

B Tperbeii riaBe KpaTKO ONHUCHIBACTCS OOBEKT WCCIEAOBAHMS, M IPUBOIATCS
PEKOMEHIAlMU JUIsl COBEPIICHCTBOBAHUS METOJIWKH OaTUMETPUYECKOM ChEMKH Yalll |
pa3paboTka TeoCTaTUCTHYECKOTO0 METOJa JJIsi ONEPATUBHOTO pacueTa IOJIE3HOHM EMKOCTH
BOJOXpaHWIMINIA C wucrnojb3oBaHueM reouHpopmarmonHeix cuctem (CEEDUCER wu
SURFER).

B 4erBepTOii riiaBe NpeCTaBICHBI Pe3yJbTaThbl HATYPHBIX, SKCHEPUMEHTAIbHBIX W
YHCJICHHBIX HUCCIENOBAaHUA IO ONPEACICHHIO IIOJIE3HOM eMKOCTH AKIapbUHCKOTO
BOJIOXpaHWIMIIa. IIpuBoauTCS NPOrHO3 NOTEp OOBEMOB M JaeTcs SKOHOMHUYECKas
000CHOBAHHOCTH Pa3pabOTOK B OMEPATUBHOM aHAIN3€ 00HEMOB 3aMJICHUS BOJIOXPAHUITUIIIA.

B 3ak/jl04eHMM TNPUBOIATCS OCHOBHBIE BBIBOJBI IO pe3yibTaTaM IMPOBEIECHHBIX
WCCIIEIOBAHUM Y PEKOMEHIAINH.

42



I'JTABA 1.
N3YYEHHOCTD BOITPOCA 3ANJIEHUSA BOJOXPAHUJINIIL

3auneHue BOJOXpAHWIMI] OOYCIOBIEHO OCaXJACHHEM B €ro uyamie HaHOCOB,
MOCTYMAIONIMX C BOAOCOOpa BMECTE C JKUAKUM CTOKOM pEK U pPy4ybeB, HHUTAIOLINX
BOJIOXpaHWINILE, a TaK)Ke TBEPAOro Marepuasa, IOMaJaloliero B BOJOEM B pe3yibTaTe
nepepaboTku OeperoB WM BETPOBOTO (30JOBOT0) TEPEHOCA IMBUIM C MPHJICTAOIINX
TeppuTOpui. [ TaBHBIM (haKTOPOM 3anjIeHUsT OOBIYHO CUMTAETCSI CTOK HAaHOCOB [, 7, 8, 24, 31,
32, 37].

TBepabple 4YacTUIbI — OPOAYKTHI 3PO3UM BOJNOCOOpPOB M pyceln, abpa3uu Oeperos
BOJIOEMOB, IIEPEHOCHUMBIE BOJOTOKAMH, a TaKXKe TEYEHHUIMH B 03€pax, MOpsSX U
BOJIOXPaHMWJIMIIAX U (OPMHUPYIOIIHE JIOKE BOJIOSMOB, Ha3bIBAIOT Harocamu [5, 36].

Bcio COBOKYMHOCTP HAHOCOB JI€JIAT Ha B3BCIICHHBIE U BIEKOMBIE (JIOHHBIE).
B3BenieHHble HAHOCHI TPAHCIIOPTUPYIOTCA B TOJIIE MOTOKA BIUIOTH A0 MOBEPXHOCTHBIX €T0
CJIOEB, TaK KaK BBICOTA MOIBbEMA YACTHIl COM3MEPHMA C TIIYOMHOM MmoToKa. [loHHBIE HAHOCHI
MEPEKATHIBAIOTCS, BOJIOYATCS WJIA CAJIbTUPYIOT 110 AHY [24].

Takoe peneHHMe HAHOCOB YCIOBHO, TaK KaKk IpU HM3MEHEHUM THUIPABINYECKUX
XapaKTepUCTUK IOTOKA CYIIECTBYET MEpexo] M3 OJIHOH (OpMbI ABHKEHHS HAHOCOB B
apyryto. Ilomumo sToro uzaér oOMEH HaHOCAMM MEXAY JTHOM U TONIIEH IOTOKa,
perynupyemMslii TypOylIeHTHOCTBIO oToKa [ 8§, 40].

OcoOblif UHTEpeC B MPAKTUYECKOM OTHOIIEHHWU IPEJCTAaBISIET OCAXKICHHE HAHOCOB B
MOANEPThIX Obedax peKHd — B BOJOXPAHHIIUIIAX, 00pa3yeMbIX B pe3ylibTaTe MOCTPOHWKHU Ha
peke mioTuH [55].

1.1. OO0masi xapakTepuCTUKA 3aUJICHUS BOJIOXPAHUIHIIL

Bonoxpanunmumie — HWCKYCCTBEHHBIM BOJOEM, OOpa30BaBIIMICA B pe3ysbTaTe
CTPOUTENbCTBA HA pPEKe BOJOMOJMOPHOTO THIPOTEXHHUUYECKOTO COOPYKEHUS (TUIOTHHBI),
CYIIECTBEHHO IOIHSIBIIETO YPOBHHU BOBI U 3aTOMUBIIETO € PyCIIO, MONMY U HaIIOWMEHHBIC
Teppacsl [S].

Bopoxpanunuia OCyHIeCTBISIOT CE30HHOE M MHOTOJIETHEE PEerylMpOBaHUE CTOKa,
UMEIOT 3HAYUTENbHBIA pa3Max KojeOaHWW ypoBHEH BOJbI, MPUBOASAIINNA K BOSHUKHOBEHHIO
OOJBIIMX TUTOIIAJCH IMEePEMEHHOTO 3aTOIUICHUS K IOCTOSHHOMY W3MEHEHHIO KOHTAaKTa
BojioeMa ¢ Oeperamu [33, 72].

Bonmoxpanumnmia ¢ Majao W3MEHSIOMIMMCST YPOBHEM OCYIIECTBIISTIOT OOBIYHO CYTOYHOE
pPErylMpoBaHUE CTOKA M SIBISIOTCA HEOONBIIMMU TO 00BEMYy BOAOEMaMU — MOATNEPTHIMU
Onedamu [41].

HabGmronenuss Haj CyIIECTBYIONTUMHU BOJOXPAHWIMIAMHU TIOKAa3bIBAIOT, YTO dYepes
MIPOMEXKYTOK BPEMEHH, 3aBHUCSIIANA OT IIEJIOTO Psjia THAPOJOTHUSCKHUX, THIPOTCXHUYCCKHX,
TUAPABINYECKUX, KIUMATHUYECKUX W DSKCIUTyaTAl[MOHHBIX YCJIOBUU TMPOMCXOAUT 3amiieHUE
BojloxpaHwnia [54]. B pe3ynbprare mosHOTO 3auiieHus TIIyOMHA BO BCEM MOJIEPTOM Ohede
yCTaHABIMBAETCS MPUOIM3UTENLHO OJHA U Ta K€ U peKa, TakuM o0pa3oM MEepexXOoAHT K
HOBOMY OBITOBOMY pexumy [44, 65].

[Tporecc 3anseHusi BOJAOXPAHIIIUII, COTJIACHO MHOTOYHMCIIEHHBIM JIaHHBIM HaOJIOICHUIA
U U3MEPEHHH MOXET OBITh OXapaKTepus3oBaH cieayronmm obpazom (puc 1.1: Ilo aBT.
Gregory L. Morris).
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CucremaTnueckas aKKyMyJsiidsi HaHOCOB Ha YYacTKe BOJOTOKA MPOMCXOJUT, €CIIU
KOJIMYECTBO HAHOCOB, IIOCTYMAIOIIMX 4Yepe3 €ro BEpXOBOM CTBOp B IOTOKe, Oouiblie
TPAHCIIOPTUPYIOIIEH  CHOCOOHOCTH  mocienHero. Eciaum  Her  BHemHMX — (DaKTOPOB,
CIOCOOCTBYIOIIUX BBIHOCY HAHOCOB K YCTHEBOM 001aCTH BOJOTOKA, TO UAET X aKKyMYJISIIIHS
B BojloXpaHuimmax [7, 18, 19].
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Puc 1.1. Cxema 3ansieHus1 pyCJIOBOTO BOJOXPAHWIMIIA
Figure 1.1. Schematics of sedimentation stages of a reservoir

OcaxeHne HAHOCOB HAYMHAETCS C BEPXOBOW YAaCTH BOJOXPAHWIMIN U MPOJABUTACTCS
MOCTENIEHHO BHU3 IO TEYEHHI0. PeXuM HaAHOCOB, MOCTYMAIOIIUX U3 BepxHero Obeda, B
OCHOBHOM 3aBHUCHUT OT PYCJIOBBIX ITPOLIECCOB B MOABOJIAIIEM PYCJI€ PEKH, TOANEPTOTO YPOBHS
BOJIbI IT€pe]] INIOTHHOM, pacxo/ia BOAbI PEKU U BEJIMYUHBI BOJ103a00pa B KaHabI [37].

N.®. KapaceB Ha OCHOBE CHCTEMHOI'O IOJAXOJA IPEUIOKHUI JCICHUE BCEro Nepuoaa
3auJICHUS BOJOXPAHUJIMIIA HA TPU cTaauu [42]:

1. HpperynsipHblii pexXuM 3aujieHHs, IPU KOTOPOM BCE MOCTYMAIOIIME B BOJAOXPAHWIIMILE
HAHOCHI AKKYMYJIUPYIOTCS UM;

2. PerynspHbIi peXUM 3auICHHS, XapAKTEPUIYIOIIHUNUCS HATMYUEM BIIUSHUS Tella 3aUJICHHS
Ha TPAH3UT HAHOCOB;

3. Craamsi 3aKIIOYUTEIBLHOTO PEXHMMa, KOTJA IMOCTYIMAINUME B BOJAOXPAHWIHINE HAHOCHI
MPOXOJAT TPAH3UTOM.

[lepexon ot mepBOil cTamuu KO BTOPOM, Kak moka3an panee B.A. CKpbUIbHUKOB,
OCYIIECTBIISICTCS MPU CHIKeHUH 00bema Bogoxpanunumia W, 1o ciaenyromiei BeTuYuHbI:

W, =83xy, (1.1)

e
Wp - 00BEM YCTOMYMBOrO pyciia B Ipeienax OT HadalbHOIO CTBOPA BOJOXPAHMIHIIA 1O
wioTHHbL M- [27].

IlepBast craguwst 3amiIeHHss MOXET HMMETh MECTO B T€X BOJOXPAHUIIMINAX, OO0BEMBI
KOTOPBIX YIOBJIETBOPSIOT HEPABECHCTRY

W >8.3x\y, (1.2)

Jlnst BTOpO#M CTaMM XapaKTepeH HKCIIOHCHIMAJIBHBIN 3aKOH YOBIBAaHUSI BO BpPEMEHU
WHTEHCUBHOCTH 3aWJieHHs. OTOT 3aKOH MNPUOIM3UTENHFHO OIMUCHIBAETCS H3BECTHBIMU
dopmynamu B.Opra, I'.U. [llamosa, B.C. Jlanmenkona [9, 31, 34, 37].

[lepexon K TpeTbell CTaAuM YETKO BBIPAXKAETCS COOTBETCTBUEM MEX]Y MOCTYIJIEHUEM
HAHOCOB B BOJIOXPAHIIMIIE U UX COPOCOM B HIKHUM Obed [27].

CocpenoToyeHHas aKKyMYJISIIUsl HAHOCOB OOBIYHO HJIET B 30HE MIEPEMEHHOT0 TOJIIopa.
TomnmuHa 3TOro €j0s1 YOBIBAa€T B CTOPOHY IUIOTHHBI. Pa3MbIB, HAUMHAETCS HETIOCPEACTBEHHO
HUKE TUIOTUHBI. Pa3MbIB MOCTENEHHO pPACHpPOCTPAHSETCS BCE HIXKE 10 TEYEHHUIO,
€CTECTBCHHO, B 3TOM K¢ HaIIPaBJICHUU CMeMIaeTcs U aKKyMyJsITHBHAsI 30Ha [8, 9, 16, 17, 19,
63, 72, 99].

OcoOeHHO OBICTPO 3a (HECKOJIBKO MECSLEB) YMEHBIIAETCAd MOYTH 0 HYJs OOBEMBI
HEOOJNBIIUX BOJOXPAHWIMII HAa TOPHBIX pEKaX, €CIH 3apaHee He MpeaycMOTpeHa
MepUoOIUYEcKasi MPOMBIBKA €MKOCTH JTHX BOJOXPAHWUJIUIN. PaBHMHHBIE BOJOXpaHUIIHUIIA
MOTYT 3aUJIATCA COTHU U ThICSIUU JeT [24, 27, 33, 44].

1.2. Bonoxpannimma PecnyOosinkn Y30ekucran

C UHTEHCUBHBIM DPAa3BUTHEM CEIBCKOTO XO3SIMCTBAa M IOBBILIEHHEM MOTPEOHOCTH B
OpOILEHUU 3€MENb HAa4yajloChb CTPOMTENBCTBO BOAOXpaHWIMI B Hauyane 1940-x rr. B
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PecniyOnuke Y306ekucran. /lnHaMuKa CTPOMTENLCTBA BOJOXPAHMIIUIN MOKa3aHa Ha (puc.l.2)
[9, 27, 54].

Kak BugHO M3 rpaduka MHTEHCHBHOE CTPOMTENIHCTBO BOJOXPAHHIUI] HAOII0JAIOCh B
nepuoz 1960 mo 1990 rr. B saTot nepuos 6su10 octpoeHo 6osiee 80% Bcex BOAOXPaHUIHIL U
6omee 85% COBOKYMHOTO MOJIHOIO 00beMa. boabIIMHCTBA BOIOXPAHHUIIUI IKCIUTYaTHPYIOTCS
ooitee 25-30 ner [48].
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Puc.1.2. CtpourensctBo BogoxpaHuiuil B PecriyOinke Y306ekucran
Figure 1.2. Reservoir construction in Uzbekistan for the last century

Bopoxpanunmima PecryOnukn ©MEIOT 0Y€Hb BBICOKYIO CTETIEHb MCIIOIb30BaHUS YalllH,
KOTOpasi OLIEHUBAeTCs MOP(POMETPUYECKHUM IOKa3aTeneM, T.€., COOTHOIIEHHEM MOJIE3HOTO
oO0beMa Ha TMOJHBIM 00BbeM [54]. DTa BemnunHa coctaBisieT B ocHOBHOM 80 — 97% wm stoT
nokazarenb Hke 80% y Yapakckoro - 78%, HOxHocypxaHckoro — 77%, YUKypraickoro —
40% u PycnoBoro — 19%. Bonoxpanwiuiia ¢ HeOONIbIIUM KOA(P(PUIUEHTOM UCIOIB30BaHUS
Yalu, Kak MpaBUJIO, KOMIUIEKCHOTO Ha3HA4YeHHs M B OOJIBIION CTEMEHU HCIIONB3YeTCs B
THIIPOIHEPTETHKE.

Hcnons3oBanue peuHoro CTOKa BOJIOXPaHWJIMIIIAMH XapaKTepu3yercs
Kod(puImeHTom, T.€., COOTHOIICHHEM 00BEMa, JOCTABISIEMOTO TMOTPEOUTENSIM 3a TOJ K
CPEIHEMHOTOJIETHEH TOJOBOM MPOTOYHOCTH B  BOAOXpaHMIMIE. Y  OOJBIIMHCTBA
BOJIOXpaHWIMI 3TOT Tokazatenb Oosbiie 0,80, cienoBaTenbHO, CTENEHU HCIOIb30BAHUS
BOJIHBIX PECYPCOB HAIIMX BOJIOXPAHMIUI OYE€HB BBICOK [54].

B HacTosmee BpeMsi B Y30eKUCTaHE CO3aHO 55 MCKYCCTBEHHBIX BOJOXPAaHWIMIL, U3
koTopbix 30 pacnosoxeHnbl B OacceiiHe p.Amynapeu u 25 - B OacceiiHe p.Celpaapbu ¢
MOMOIIBI0 KOTOpBIX moaaercs 24% (ot obmero oobema) oporraeMoit Boabl (puc.1.3.) [46,
70].
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McTouHukn nogaum opowaeMoin Boabl B YabekucrtaHe Ha 1994r
(4 280 600 ra).

BOﬂOXpaHHﬂHU.Ia;
24%

Moa3emHble
Boabl; 6%

Boaoaabop; 43%

HacocHbie
craHuuu; 27%

Uctrounuk: ®AO, CenbCKoX035HMCTBEHHAA U TIPOJIOBOJILCTBEeHHAst opranu3anus OOH, 2007.
http://www.fao.org

Puc.1.3. Uctounuku oporaeMoii Bojbl B Y30eKucTaHe
Figure 1.3. Sources of irrigation water in Uzbekistan

OOmuii COBOKYIHBIN MPOEKTHBIN MOTHBIA 00BEM BOJIOXPAHIIUII] COCTABIISIET 19xm3, -
nonesHsIit 14,5km° (Tabr.1.1).
Tab6muna 1.1
KonuuecTBo 1 mosne3nsiit 00beM Bojgoxpanuiuil B PeciyOnuke Y36ekucran
Table 1.1. The number and total volumes of water reservoirs in Uzbekistan

Ob6aacTb Koa-Bo IMone3nwrii | O0aacTh Koua-Bo ITone3Hblii
00beM 00beM
KM’ KM’
bacceun p.Amyoapvs bacceiin p.Coipoapuvs
Xope3m 1 45 Anamxan 3 1,7
Kamkamgapps 14 2,3 Tamkedt 5 1,9
Camapkanj 7 11 ®eprana 4 0,25
Cypxanpaapbs 4 0,9 Hamanran 7 0,23
Hasou 2 0,8 JIxu3ak 4 0,18
byxapa 2 0,4 Cripaapbst 2 0,01
Oomii 30 10,1 Oommii 25 4,45

Hctounuk: [Iporpamma Passutust OOH, 2007r.

[To nannsiM MuHcenbBoaxo3a PecnyOnuku VY30ekucran u3 27 o00ciel0BaHHBIX
BOJOXPAaHWINIL IPAKTUYECKHA IIOJHOCTBIO 3aWiACh 11, a Ha 5 — OTJIOXEHHS HAHOCOB
NpUOJIM3KUIINCH BIUIOTHYIO K BOJIOBBIITYCKHBIM COOPY)KEHUM [46].
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B Tabn. 1.2 mnpuBeneHsl pe3yiabTaThl o0OcCienoBaHMi batumeTpuueckoro IeHTpa
MuncensBoaxo3a 1o 16 Bomoxpanwnumam. B cpemHem, mnoreps moiHOro o0Obema
BOJIOXpaHWIMILA Tpoueccy 3amieHus cocraBisieT 18% wu meprBoro — 55%, u3 Hux B 7
BOJIOXPAaHWIMIIAX TOTEPss MEPTBOro o0beMa cocTaBiseT Oonee 75%. 3HauMTENbHBIE TOTEPU
MEpPTBBIX O00BEMOB YKa3bIBalOT HAa HECOOTBETCTBUE MPOEKTHBIX PACYETOB C HAOIIOJAaEMbIM
ycrnoBusiMu. [lpuyem, mNpu  TPOCKTUPOBAHWU MEPTBBIH 00BEM PACCUMTHIBANICA Kak
Meponpustie o 6opnoe ¢ 3aunenuem [9]. [loreps MepTBBIX 00bEMOB HaOIIOaeTCS BO BCEX
BojoXpaHwmmil B PecrnyOnwke # T.K., OONBIIMHCTBO HAIIUX BOJOXPAHUIIMI YXKE
JKCIUTyaTUupyroTcs 6omee 25-30merT.

Tabmuma 1.2
[TonHbIH 1 MEPTBBIN 00BEMBI BOIOXPAHHIIUIIL
Table 1.2. The sedimentation in 16 reservoirs in Uzbekistan
Bopoxpanuniauie IIpoekr IHorepsn IIpoexr IHorepsn BBenenue B
o0beM, o0bemMa o0beM, o0bema % | IKCILIyaTaALUIO
MUIH. M° % MUIH. M° I'on
[TonHbI 00BEM MepTBbIii 00BEM
TamkenTckoe 250 16,9 26 76,3 1962
TanumapKaHcKoe 1525 3,9 125 2,23 1985
FOxHOCypXaHcKoe 800 37 100 78,7 1967
Kyiimazapckoe 310 11,2 47 6,7 1958
Tynakynbckoe 1200 13,7 600 9,6 1983
AXaHTapaHCKOe 198 4.8 13 27,7 1969
AHIUXaHCKOE 1900 13,4 150 39,2 1970
Jku3akckoe 100 19,9 4 96,2 1966
Karrakypranckoe 900 22,5 24 87 1953
Tynananrckoe 100 16,6 8,79 88,4 1992
Xuccapakckoe 170 13,2 8,4 100 1985
YumKypraackoe 500 22,7 50 31,8 1963
[Taukamapckoe 260 25,9 10 99,8 1967
AKIapbUHCKOE 1125 17,2 2,5 41,6 1984
PycoBoii 2340 44.9 270 86,5 1980
Kamapaxckoe 960 19 410 1,65 1983
Cpennmnii 17,8 54.6

Uctounuk: barumerpuueckuii ueHtp, 2006r.

1.3. IocaeacTBus 3auJIeHUS BOXOXPAHUIHIL

PerynupoBanue peyHOro CTOKAa MOCPEICTBOM BO3BEIEHHS IJIOTHHBI TNPUBOJUT K
PE3KOMY HM3MEHEHHUIO THIPOJIOTHYECKOTO M HAHOCHOTO PEKHUMOB peku [5, 7, 72, 75]. Dto
IPOSIBIISETCS B CHUCTEMAaTUYECKOM HAKOIJICHUM HAaHOCOB BBIIIE COOPY)KEHUH U pa3MbIBe
Oeperos, JHa, PEYHBIX OTIOXKEHUN B HIXKHEM Obede.

AKKyMyJISIIIMST HAaHOCOB B TMOANEPTHIX Obedax — 53TO peakuus  NOPUPOABI Ha
BMEIIATEIbCTBO YEJIOBEKA B €€ €CTECTBEHHBIE MPOLECCHI [44].

Cornacno uccnegoBanusiMm H.M. AnekceeBckoro u P.C. YanoBa, nmpupoHbIE YCIOBUS
BOJIOCOOPOB HE SIBIIAIOTCS E€IMHCTBEHHBIM (DaKTOPOM MPOCTPAHCTBEHHO-BPEMEHHOU
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U3MEHYMBOCTH XAPAKTEPUCTUK IMEPEHOCA U OCAXKJEHHs JIMTOIC€HHOrO0 MaTepuallia BOJHBIMHU
norokamu [7].

Bospacraromiee BausiHHE Ha HUX OKa3bIBACT XO3AHCTBEHHAs J€ATEIbHOCTh, OJTHU BUJIbI
KOTOPOH BBI3BIBAIOT YBEIMYCHHE, JPyTH€ — YMEHBIIECHHE CTOKAa HAHOCOB. TeHICHIMHU
AQHTPOIIOT€HHBIX U3MEHEHHH MOTYT ObITh MECTHBIMU WJIN IPOSIBIIATHCS Ha OOJIBIINX 110 JJIMHE
ydacTKax peK. AHTPONOTreHHbIe (DaKTOphl BO3JCHCTBYIOIIME Ha IEpPEMELICHUE BEIIECTB
BOJIHBIMU TOTOKAMU MOTYT OBITH NPSMBIMH MM KOCBEHHBIMH: PETYIUPOBaHUE, U3BATUE U
nepepacnpezieiecHHe CTOKa BOJbI B peKax ONpeAesseT HalpaBlIeHHOCTh 3PO3MOHHO-
aKKyMYJSITUBHBIX IIPOLIECCOB B HUX pyclax M, TakuM oOpa3oM, sBisercs (HaKkTopoM
(dbopMHpOBaHUs PEUHBIX HAHOCOB [7].

Bomnpoc o 3auneHun BOAOXpaHMIIMIL UMEET OIPOMHOE MpakTHUecKoe 3HaueHue, M.A.
BennkanoB yTBepkaai, B OCOOCHHOCTH BO BCEX T€X CIy4asiX, I/I€ TUIOTHHA CTPOUTCS C LEINbIO
peryaupoBaHUs CTOKA U IJ€ YMEHbIIEHHE 00beMa BOJOXPAHUIIMILA UTPAET OTPULIATEIbHYIO
POJIb IPU UCIIOJIB30BAHUU pekH [18].

3anisist BOAOXPAHMWIIUING, HAHOCHI YMEHbBIIAIOT MX IOJIE3HBI 00BEM M TeM caMbIM

CHIDKAIOT MX TIOJIE3HOE HCIIOJIb30BaHME, a TaK)KE COKPAIIAIOT CPOK pabOTHl BOAOXPAHHIIHIIL
(puc.1.4).

2 VYV HIIY

[MonesHbli 06BLEM

MnoTuHa

Y YMO

: / MepTBblii 06bEM

1- KpynHble YacTUllbl HAHOCOB, 2- Menkue YacTlbl HAHOCOB

Puc.1.4. [Tone3ublit 1 MEPTBBIA 00BEMBI BOJOXPAHUIIUIIA U OCAXKICHHE HAHOCOB
Figure 1.4. Useful and dead storage capacities in reservoir

B3BemieHHble HAaHOCHI TAaK)K€ HETaTUBHO BIUSIOT HA IUIOTHHY, MPOUCXOIUT alOpa3us
Pa3IMYHbIX WHKEHEPHBIX KOHCTPYKIUH, BXOIAIIUX B COCTaB BOJOXpaHUIuIa. Mctupanue u
KaBUTAIMsl HAHOCAMU JIOMaToK TypOuH ruaposnekrpoctanuuu (I'9C) mnoHmkaer ux
KO2(PUITMEHTHI MOJIE3HOTO JACHCTBUS U COKpAIaeT CPoK ux ciyxosl [13, 17, 23].

3ausieHUEe YMEHBIIAET PETYIHUPYIOIIYI0 pOJIb BOJOXPAaHWIMIIA U TEM CaMbIM
YMEHbILIAET SHEProoTAauy THIPOIIEKTPOCTAHIIMU. B OTHOIIEHMH CYHAOXOJICTBa 3auIeHUE
BOJIOXPAHWIMIIA TAKXKE MPUBOJUT K HEXKeJIaTeJIbHBIM IOCIEJCTBUAM, TJIaBHBIM 00pa3oM B
XBOCTOBOM 4YacTW TOJIOPHOW KpPWUBOM, HapacTaHWE JHA B KOTOPOM MPUBOAUT K
HE00XO0/IMMOCTH NMPOU3BOANTH B peKe YCHIIEHHOE 3emiieduepnanue [5, 77].

B BepxHux Obedax HaOMOMAETCI YMEHBIIEHHWE YKJIOHOB, CKOPOCTEH TEYECHHS |
TPAHCHOPTHUPYIOUIEH CIOCOOHOCTH TMOTOKOB, YTO NMPHBOJUT K HCKYCCTBEHHOMY II€PEBOIY
TPAHCIIOPTUPYEMOTO MaTepuaia B COCTaB OTJIOkKeHH. CTOK HAHOCOB IIPU STOM 3HAYUTEIBHO
cokpamraercs [38, 81].
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3aussis BOJOXPAHUIIUINE, B KOPHE MEHSETCSl TPAHCIIOPTUPYIOIIAsi CIOCOOHOCTH MOTOKA.
B pesynbTare MyTHOCTB €r0 B HIDKHEM Obe(e YMEHBIIIAeTCS U MMPOUCXOIUT PA3MBIBHI JIOXKa U
OeperoB Ha OTPOMHBIX PACCTOSHUSX BHH3 110 TeUEHUIO [44].

[losnHoOE ocakeHue HaHOCOB OBLIO ObI CKOpEEe BPEIHO, YEM IIOJIE3HO, TaK KaK 4acTb
MeJbUalIINX HAHOCOB, TPAHCHOPTHUPYEMBIX PEKOM  MoJie3Ha KakK ynoOpeHue HuIu Kak
yIydinaromnias o4y godaska [53, 70].

MyTHOCTh MOTOKa B BOJOXPAHWJIMIIEC YBEJIUYUBACTCS M BIMSET Ha OMOIEHO3, T.€.,
MPOHUKHOBEHUE COJIHEYHOM paJyalud YMEHBIIAETCs MO TIyOMHE W OTrpaHUYUBACTCA
JESTENIbHOCTD XJIOPOGWIL. 3a cYeT 3TOro HabII0aeTCs «03€JIeHeHHE)» BOJ0eMa U MOrudaroT
pasznuuHble OMocucTeMbl. B CBOIO ouepenb, YMEHbIIEHHE OMOMAcChl HETAaTHBHO BIUSET HA
pasnuyHbIie BUABI PBIO [98].

B ¢dopMupoBaHMM XHMHYECKOTO COCTaBa BOABI MPEATOPHBIX BOJOXPAHMIUII]
MPEBAMPYIOLIYIO POJb UTPAIOT MPUPOAHBIE (DAKTOPBI, a PAaBHUHHBIX — aHTPOIOTEHHBIE,
BEIpaXKaronpecss B cOpoce B BOJOXPAHWIIMINA BRICOKOMUHEPATU3UPOBAHHBIX KOJUIEKTOPHO-
JPEHaXXHBIX BOJ U PEXKUME PETyIUpOBaHus cToKa [42, 52].

1.4. Meponpusitusi no 6opn0e ¢ 3anjieHHeM

B cneumansHOll nmTepaType, Ui OOphOBI C 3aWiICHMEM MMEIOTCS pa3IH4HbIC
MEPONPUSTHSL, U Mbl CTPYIIIMPOBAIA HA TPU OCHOBHBIE KaTteropuu (puc.1.5).

MeToAbl 60pb6bl ¢
3auneHneM BOAOXpaHUnuL,

Ha nnowaau BogocGopa B soaoxpaHunuuie B nnoTuHe

pexn BOZOXpaHUnULa
*ArpoTexHUYecKHe n *MexaHnyeckan oyHCTKa *MaHeBpupoBaH1e WWTamu
necoMenMopaTHUBHble 3eMCHapAlaMH CGDOCHbD( W NPOMBIBHBIX
NPOTHBO3PO3MOHHBIE - OTBEpPCTHIA
M%p onpuﬁa'uﬂ *MepTBbIA 06vém P

J[MapaBnMueckui NPOMLIB *CGpoc MyTHOO NoToke

*HEHOCOYTIORNTO Moo P ° *[oALEM BbICOTLI NNOTUHLI
KOHCTPYKLMM «[uapocakuma

*[NloagbemM OTMETOK
B0A03a00PHBIX COOPYKEHHA K
«[lepnBaUMOHHBIA KaHan cOpOCHLIX OTBEPCTUI

*OTCTOAHWUKKM ¥ NPOMBIBHUKH

*HanusHble npyabl

Puc.1.5. Metoast 60pb0bI ¢ 3aUICHUEM BOIOXPAHIIIHIILL
Figure 1.5. Sedimentation mitigation strategies

5. IlepBas rpynma COCTOMT U3 METOJOB, KOTOpbIC HANpaBi€Hbl HAa YMEHBIIEHHE CTOKa
NOCTYMAIONINX HAHOCOB B BOJOXPAHWIMINE Ha IUIOMAIM BogocOOpa peKkH U
npuieratomei tepputopuu [20, 56].

* DTH NPOTUBOIPO3HOHHBIE MEPOIPHUATHS, KOTOpHIE HANpaBlICHbl HAa yMEHBIICHHE
TBEPJOTO CTOKa, IyTeM OOpaOOTKM MOYBOTPYHTOB BOJOCOOpa arpoTEeXHUYECKHMH,
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JIECOMENHOPATUBHBIMU paboTaMH MO YKpEIUIEHHI0 OeperoB M YKJIOHOB CKJIOHA, a
TaK)X€ YCTAaHOBKOW HaHOCOYJIOBUTEJIbHBIX HHKEHEPHBIX COOPYKEHUM [54].

* Coznanue npyaoB (6acceiHOB) BBEpX IO TEUEHUIO OCHOBHOTO BOJOXPAaHWIMILNA U
OTCTOWHUKHU pa3iauyHOro TUroB. Ho 3To mpuBeneT Kk o4eHb OOJBIIMM HOTEPSM BOJBI
Ha ucnapenue [45].

* K MHXEHEPHBIM COOPYKEHHUSM BXOJIST JCPUBAIMOHHBIC KaHAIIbI, B OCHOBY KOTOPOTO
3aJI0’KeHa HMjies MPOIyCKa TPaH3UTa HaHOCOB Yepe3 YacTh 30HBI MOJNOpa U IUIOTHHY
TUAPOY3J1a B IEPUO MPOXOKIECHUS [TABOJKOB, C ITOCIEAYIOIUM IIPOIIYCKOM TBEPAOIO
CTOKa Tmocie cpaboTku BoaoxpaHwmma [78, 88]. IOtor cmocod OopbObI
HEIeIecoo0pa3eH MpU 3HAYUTENBHOW JJIUHE OOBOJHOTO KaHala ¢ OOJBIIMM
MOTEPEUYHbIM CEUYEHHUEM WJIM HAJIMYUEM CKalbHBIX TPYIHOpPa3padaThIBAEMBIX MOPOJ]
[54].

6. Bropas  kareropuss ~ mpeAcTaBiseT  cOOOM  MEpONpHUsATUS  OPraHHU30BAHHBIE
HEIOCPEICTBEHHO B CaMOM BOJioOXpaHuiuiie [5, 54, 88, 99].

» K HUM OTHOCATCS HCIONB30BaHUS JHEPIHM CAMOM pPEKH, T.e. TUAPABIUUYECKHIA
IIPOMBIB HAHOCHBIX OTJIOKEHUH B BOJOXPAHIIIHUILE.

» MexaHuyeckass ~ OYMCTKA  HAHOCHBIX OTJIOKEHU M 3eMmJIecHapsgaMu |
JTHOYTITyOUTEIIEHBIMU MEPOTIPUSTHSIMHU.

* [Ipy NOpPOEKTUPOBAHUU  3aJOKEH MEPTBBIH 00BEM  BOJOXpAaHWIMINA  Kak
NepPBOHAYAJIbHOE MEPOIIPUATHUE 110 OOPHOE C 3aUTCHUEM.

*  CkpbulbHUKOB U JIp. (1987) omuchiBaeT ycTpOMCTBO [Jsl yAajJeHUS HAaHOCOB CO JIHA
BOJIOXPaHWIMILA 32 CYET CTATUCTMYECKOTo Hamopa runpoysna [54]. Ilpu nomomum
nebeqky Ha TUIaBydel riardopme, rpyHTO3a00pHUK OMYCKAaeTcs K MOBEPXHOCTU JHA
B MeECTe OTJIOXKeHUss HaHocoB. Cucrema TpyO 3amonHseTCs BOIOW. 3a CYET
UCIIONIb30BAaHUsI CYMMapHOTO Haropa TMPUTOMJICHHBIA C TOMOINBID TOHTOHOB
IrpyHTO3a00pHUK  pa3pabaThiBaeT OTJIOXKEHHS HAHOCOB. BcacbiBaer ux u
TPAHCTIOPTUPYET MYJbITY M0 TPYOOIPOBOY B HIXKHUM Obe( MIOTHUHBI.

7. TpeTbsi KaTeropus MpPEACTaBISIET OO0 MEPONPHUATHS, KOTOPHIE MPOBOMISATCS B TUIOTHHE
BOJIOXpaHWIHIa. Hampumep, MaHeBpUpOBaHHE LIUTAMH COPOCHBIX M TMPOMBIBHBIX
OTBEpCTUH B IIJIOTUHE C YBSI3KOH pexuma pekd. COpoc MyTHOro MOTOKa WIH
IUIOTHOCTHBIX TEUEHUN uYepe3 THAPOTEXHUYECKHE TYHHENIH Ui CHUCTEeMAaTUYECKOTO
IIPOMBIBA, a TAKXKE MOJBEM OTMETOK BO/J03a00PHBIX COOPYKEHUN M YBEIMUYEHUE BBICOTHI
motussl [20, 23].

AHanu3 paboT MOKa3bIBAET, YTO TOCTATOYHO 3()(PEKTUBHBIX MEPOIPHUATHI IO 6OpbOE ¢
IpOIECCOM 3aWJIEHUs] BOJOXPAHWJIMILN TIIOKa emle HeT. Bce BbllenepedncieHHble
MEPONPUITHS OBUTH MCTIONB30BAHbBI B MPAKTUKE, HO HE OJIHO MEPONPUITHE B OTIACIBHOCTH HE
pemraet npooyieMy 3ausieHust 10CTaTouHo 3G dekTuBHO [41].
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BoiBoabI IO NEepBoii ri1aBe

1. BenuunHa U NPOIOKUTENLHOCTD MPOIIEcca 3aUICHUS, a TAK)XKE XapaKTep pacupeaeeHus
HAHOCHBIX OTJIO)KEHUH B BOJIOXPAHWJIMIIAX B OCHOBHOM 3aBUCAT OT T'MJIPOJOTHYECKHX,
reoMop(OIOrHYecKnX, THAPOTEXHHUUYECKUX, OJKCIUTyaTallUOHHBIX, KIUMATHUYECKUX U
Ipyrux (pakTopos.

2. OTyI0’)K€HHE HAHOCOB €CTh NPUPOAHBIM IMpolecc, T.e. B3aUMOCBA3b MEXIY PYCIOM H
notokoM. Ho ycunenue atoro mpoiiecca NpUBOANUTh XO3WCTBEHHAs JI€ATENbHOCTD, T.K.
HEIpaBUJIbHAsA JKCIUTyaTallusi COOPYXEHUW BOJOXPAHWIMIIHOIO THAPOY3Ja, Pa3BUTHE
APO3UOHHBIX MPOLECCOB, BHI3BIBAEMBIX CEIBCKOXO3SIICTBEHHOH JESTENbHOCThIO YEIOBEKa
B 30HE BOAocOOpa pEKH, 3apacTaHUE MEJIKOBOJbS Yalll BOJHOM pPACTUTEIHHOCTHIO,
Tparcopmalys TuApaBINIeCKUX YCIOBUHN pabOThl BOAOXPAHUIIHIIA.

3. 3amnsis BOMOXPAHWIMINA, HAHOCHI YMEHBIIAIOT WX IMOJIE3HBIK O0BEM W TEM CaMbIM
CHI)KAIOT WX TMOJIE3HOE HCIOIh30BAaHHUE, COKPAIIAIOT CPOK pabOThl BOJOXpPAHWIHINA U
JIOTIaCTH arperaTHhIX yYCTAHOBOK M 3aTBOPOB. Takke, HAHOCHI UTPAIOT BaXHYIO POJb B
(GhOpMUPOBAHUN XMMHUYECKOTO COCTaBa BOJIbI B BOJJOXPAHIIIHUIIIE.

4. CymecTByronme MeToAbl 00phOBI C 3aMJICHHEM TOKa3ald TOJBKO YaCTHYHOE peIIeHUE
JTaHHOW mpoOJeMbl. ITO CBSA3aHO W3-3a HENOCTaTKa BOJABI B pEKe /IS MPOMBIBA U
3HAYUTENIbHON CTOMMOCTH paboT M0 MEXaHM3UPOBAHHOM OUYHCTKE.
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I''/TABA2
COBPEMEHHBIE METO/IbI 1 TEXHOJIOI'MM PACYETA
3ANJIEHU A BOJOXPAHUJINII]

2.1. O030p pa3JIHYHBIX METOI0B pacyera

['maBHBIMU 3aa4aMu pacyeTa 3aujieHUs BIAIOTCS [S4]:
Onenka cpoka ciryk0bl BOJIOXpaHIIINIIA KaK EMKOCTH, PETyJIUPYIOIIUI CTOK;
2. llonmyyenue BenMuyMHBI O0IIEro o0beMa 3aWJIEHUS H  PETYIUPYIOMIEH EMKOCTH
BOJIOXPaHWINILA Yepe3 3aJaHHOE YHCIIO JIET;
3. Tlomyuenue pacnpeneneHust OTIOXKEHUN MO JUIMHE BOJOXPAHWIMIIA WM Ha OTACIBHBIX
€ro y4acTKax, B YaCTHOCTH, B 30HE€ BBIKIIMHUBAHUS MTOATIOPA;
4. Ormenka TpanchopMaIuy KPUBOH MOAIIOPA.

AM. HUKUTUH BBIIEISIET TPU HAMPaBICHUS H3yYEHUS 3auJICHUS BOJOXPaHMIWII:
IEPBOE€ — INMOBTOPHbIe OaTHMeTPHUYeCKHEe ChbeMKHM Yall BOJOXPaHWIULI, MO3BOJISIOLINE
MOJIyYUTh KOHEYHBIC  pE3yNbTaThl  3aWjIeHHs; BTOpPOE — aHAIU3 KOMIIOHEHTOB
CelMMEHTAMOHHOI0 0aJjlaHca Ha YYacTKe BOJOXPAaHWIMILNA; TpPETbe — IOJyYeHHUE
NMPOCTPAHCTBEHHOI XapaKTePUCTHKU M3MEHEHHs PeXKMMAa 3auJIeHUus] TTyTeM MPOBEICHUS
CHEMOK JMHAMHUKH MYTHOCTH, CKOPOCTEH TeueHHsI, (PPAKIIMOHHOTO U TPAHYJIOMETPUYECKOTO
COCTaBa U JIOHHBIX OTJIOKEHUH 10 aKBATOPUHU BOJOXpaHMIIHII [42].

HarypHbie uccnenoBaHus 3amiieHus BOAOXpaHWIMIL BeayTcst ¢ koHua XIX — nauano
XX BB. Ocoboe BHHMaHHE 3TOMY BOIPOCY CTalU yAeNsATh, HaunHasg ¢ 1920 — 1930rr [27].
Onnoit W3 mepBBIX 0000mIarONUX paboOT, yKa3bIBAIOIIECH OMpEeNeeHHBIE IYyTH pacdeTa
3auJIeHHs BOJIOXpaHMIuI, siBuiiack padota @.Opta. Caenyer ynoMmsaHnyts padory J1.bpenna,
KOTOpBIM TOCTPOMJI HAa OCHOBAHMM MHOTOYMCIIEHHBIX HATYpPHBIX JAHHBIX HMHTEPECHBII
oOoOmaronii  rpaduk CBA3M HAHOCOCIEPKHUBAIOIIEH CIIOCOOHOCTH BOJOEMa U €ro
OTHOCHUTEIIbHOU eMKOCTH [28, 63, 65].

B 1939r., I'.1. IllamoB cocTtaBui 000011a01y0 MOHOTpaduio 1o npodiemMe 3aujieHus
BojioxpaHwMil. OH MpeIoKUII CPAaBHUTEIBHO IMPOCTOM NPUONIMKEHHBIH METOJ pacueTa
00I11ero 3auyIeHUs] BOJAOXPAHUIMILA, TO3BOJISIIOIMI 110 JaHHBIM O MOP(OJIOrUK BOJOEMA U O
CTOKE HAHOCOB TMOJYYUTh XPOHOJOTMYECKMH XOJ 3aujieHus. B mocnemyromue roasl psij
JIeTaJbHBIX METOOB pacyeTa 3aujIeHHUs] BOAOXPaHWIUIL ObUT IpeuioskeHbl M.A. MOCTKOBBIM,
K.H. Poccunckum, U.A. Ky3pmunsiM, A.A. Kapaymessim u nip. [31, 32].

N3yueHne pycloBbIX MPOIECCOB B Obeax BOAOXpAHWIIUIL HAYaloch B Y30eKHUCTaHE B
1950-¢ ro/eI B CBSI3M C MIMPOKUM Pa3BUTHEM PETYIHPOBAHUS PEYHOTO cTOKa [27].

[Ton pykoBoactBom B.B. IlocmaBckoro, C.T. Antynuna u 3.I1. [lunocoBa Obutn
OpraHU30BaHbI MOJIEBbIE HCCIIEOBAaHUS B BEpXHEM U HIKHEM Obedax dapxaackoil mIOTHHBI,
I'"A. Ilos - mna Kaiipakkymckom BopoxpaHuiumie. Crenyer OTMETUTh HaTypHBIE
uccienoanus C.A. J[amasioBa 1o U3y4eHHUIO 3aUIEHUS] BOJOXPAaHUINII HA TOPHBIX peKax, a
TaK)Ke JETAIBHOE MCCIIEN0BaHUE MTPOLIECCOB 3aUJIEHHS MAJIBIX BOJOXPAHUIIMIL Ha pAaBHUHHBIX
pekax, BemosHenHbie ['.B. Jlomatuaeiv u K.H. JIucununoi [27].

C.T. AnTyHUH OpeUIOKWI CXEMY 3aWJICHUS BOJOXPAHWIIMINA pa3leSIOIlyl0 €ro Ha
03epHYI0 (CBOOOTHON OT OTJIOKEHU) U PYCIOBYIO (COCPEAOTOYEHBI HAHOCHBIE OTIIOKCHHH)
yacTu. B mpouecce 3amneHusi, pycioBas 4acTh HAJBUTaeTCsl HA O3€PHYI0 U OJTHOBPEMEHHO
pacrpoCTpaHssCh BBEPX MO TEUEHHUIO PEKH U cO37aBasi JIOMOJHUTENbHBIM TaK Ha3bIBa€MBbIil
JUHAMHUYECKH 00beM Bojoxpanmwmmiia [9, 54].

Haubonee 060cHOBaHHYIO U TOATBEPKIAEMYIO HaTypHBIM JaHHBIM METOJIUKY pacyeTa
3ansieHus Bojoxpanwuni npemioxkut B.C. Jlanmenkos. B ocHOBY oH monoxun ¢opmyiy

=
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(2.1) mpennoxxennyro .M. [1laMoBbIM Ha OCHOBE SMMHUPUUECKONH 00PAOOTKH OTEYECTBEHHBIX
U 3apyOeKHBIX BOJOXPAHWIIUI. 3aBHUCHMOCTHh BBIpaXKaeT W3MEHEHHE 00beMa IMOIOPHOTO
Obeda 1o BpeMeHu:

V.=V.,e" 2.1)

rjae
V, — npenenbHOo 3auiisieMblii 00beM (00beM Obeda MUHYC 00BeM pycia, GOPMHUPYIOIIETOCS K
KOHILY 3aUJICHUSA), M

£ - XapaKTepUCTUKA 3aWII€EMOCTH, 3aBHCSIIAs OT T'OJAOBOIO CTOKAa HAHOCOB (TPEIENIBHO
3aUiIsIeMOro 0ObeMa U HauyalbHOM CTENeHU 3aUIICHUS),
t — mepuo HKCIUTyaTallii BOAOXPaHUIMILA, TObI.

B.C. JlanmmrenkoB o6ocHOBaI 3Ty dopmyiy (2.1), cHayaia UCXOAs U3 JIMHESHHOW CBSI3U
MEXJy pacxoloM cOpachblBaéMbIX HAaHOCOB U OOBEMOB OTJIOKEHUH, MOIYYEHHBIX IO
HATYPHBIM JaHHBIM JIJIS1 3aHOCHUMBIX Obe(OB, a 3aTeM Ha OCHOBE TEOPHH KBAa3HJIAMHHAPHOTO
pexuMa OocakJeHus Ipu 3awieHuH [54]. OH yTOUHWII BBIpQXKEHHUS U1 €€ IapaMeTpoB,
[IpUYEM TEOpHUs KBAa3WJIAMUHAPHOIO PEXKMMA OCAXJIECHHUs Jlaja HECKOJIbKO MHOE BBIPAKEHUE
JUI ONpe/eeHUs IOKa3aTelsl 3aWIIeMOCTH, YUYMTBHIBAIOIIEE TUAPABIMYECKYIO KPYINHOCTb
OCaKIAIOIINX HAHOCOB.

s pacuera pacnpezesieHnss HAaHOCHBIX OTJIOXEHUH Mo JuiMHe BojoxpaHuwiuia B.C.
JlaneHkoB MpeJUIoKUIl pacipocTpaHuTh ¢popmyrty (2.1) Ha m000i CTBOP BOJOXpaHWIUILA
(c m3meHenneM Vo U &£ ) U ONpeleNuTh IUIOIIAAb 3aWICHUs Kak pa3sHHUIy OO0bEMOB
OTJIOXKEHUH /7151 IBYX CTBOPOB, B3ATHIX IIPU M.

Merton B.C. JlanmeHKkoBa MCIOJIb30BaH MPH MPOTHO3HBIX pacyeTaX MHOTUX MPOEKTOB
BOJIOXpaHWIMI] Ha pekax CpemaHel A3MM M BKJIIOYEH B KayecTBe 00s3aTEIbHOIO METOJa B
CTpOUTENIbHbIE HOpMBL. Pa3paOoTkoil MeTOJOB pacyeTra 3amjIeHHs BOJOXPAHWIIMIIL
3anumManucsk Takke A.H. I'octyncknii, B.A. CkpsinbHuKOB 1 11p. [9, 20].

B.A. CKpbUIBHUKOB, aHAJIU3UPYsI OCBETJIICHUE BOJBI B BOJOXPAHWIIUIIE B 3aBUCUMOCTH
oT oTHomeHus obvema pycna W, k o0bemy BomoxpaHuauma V 10 HATypHbBIM U
71a00paTOPHBIM JIaHHBIM, MPEAJIOKUI Pa3IeIUTh MPOIIECC 3auJIEHUs Ha JIBe cTaauu. B nepBoit
CTaJUM TPOUCXOAUT IIOYTH IIOJIHOE OCaXACHHE CTOKA HAHOCOB B BOJOXPaHWIMILE,
XapakTepu3yeMoe IOCTOSHHOM cTeneHbio ocBemiieHus & =95-97%, BTOpas HayMHaeTcs,
KOT/Ia B PE3yJbTaTe 3aUICHUS 00bEM BOJOXPAHMIMILNA YMEHbIIAETCS 10 3HadeHu V<T7.7-W,,
U XapakTepusyercs ObICTpBIM MOHMKEHHEM cTeneHu ocBeryieHus. @opmyna (2.1), mo B.A.
CKpBUIBHUKOBY, COOTBETCTBYET BTOPOU CTaANM 3auiieHus [54].

CymecTByronme MeToJIbl pacyera mpolecca 3auiieHHss B OCHOBHOM pa3padoTaHbl JUis
CXEMAaTHU3UPOBAHHBIX YCIOBUMN, YACTO CYIIECTBEHHO OTIMYAIOLIUXCS OT KOHKPETHBIX YCIOBHM
BOJIOXPAHWJIMIIA U TTTyOOKOBOIHOM (03€pHOI) YacTH peryiupyromen Ipu3Msl.

B.C. JlammeHkoB pa3ienser TH METOIbI Ha CJIEYIOITie Tpu rpymisl [37]:

IlepBasi rpynma — MeTOJbI STOM TPYIIBI OCHOBaHBI Ha MaTepualiaX O4eHb OOJBLIOrO
YyHhclla HATypHBIX MCCIEAOBAaHUM, B pe3ylbTaTe KOTOPHIX TOJY4YEHBl pazIUYHbIE
HMIIUPUYUECKUE 3aBUCHUMOCTH WIM TIpaUKH, CBSI3BIBAIONIME OOBEM OTJIArarolliiX HaHOCOB
(uacto B %) ¢ MOJHBIM 00BEMOM BojoxpaHwiumia. [Ipu 3Tom yuuTsiBaeTcs KO3pGUIUEHT
3aperyaupoBaHus CTOKA, IUIOIIAAb BOAOCOOpa PEeKH, CPEIHSAS MyTHOCTh BOJIOTOKA, KATETOPUU
HAHOCOB, TMOCTYMAIOIIMX B BOJOXpaHWIHUIIE, INTyOMHA BOJOXpAaHWIMIIA, OTMETKa JHa U
apyrue GpaxkTopsl.

K uncny meronoB aToii rpynmsl MokHO oTHecTH padboTsl T.M. [llamoBa, I'.B. JlonaTuna,
JA.N. dpozna, u M.A. [IpeiTkoBa. 13 3apyOexHBIX UCCle0BaTENeH MOKHO Ha3BaTh pabOTHI
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T. Teitnopa, ®@. Opta, XK. CruBana, M. bpynee u Y. Kupa [5, 6, 9, 20, 28, 29, 30, 50, 54, 55,
56, 65, 87].

Bropass rpynma — 0anaHCOBbIE METONbI, OCHOBAaHHbIE Ha HWHTETPUPOBAHUU
muddepeHIMaTpHOTO  ypaBHEHUsT  0OanaHca HAHOCOB M PYCIOBBIX  Jaedopmarmid,
CBSI3BIBAIOIETO OTJIOKEHHUSI HAHOCOB MEX]Iy CTBOPAMHU 3a 3JI€MEHT BpeMeHH Al ¢ n3MeHeHneM
TPAHCIIOPTUPYIOIIEH CIMOCOOHOCTH TOTOKa B JTHX CTBOpaX B MOMEHT BpeMeHH 1.
TeopeTrueckoil OCHOBOM, KOTOPBIX SBJSETCS CUCTEMA CIEAYIOIUX TpeX AU depeHInaTbHbIX
YPaBHEHUN:

YpaBHEHHE IBUKEHUS

L6 = 7+ + 2.2)

YpaBHEHHE HEPA3PHIBHOCTU

oQ _ o
ox ot

=0 (2.3)

VYpaBHenue nepopmanuu

020 ., 0B a(p*Q)

6QS

rae

Zyu Z, - COOTBETCTBEHHO OTMETKHU BOJHOM MOBEPXHOCTH U JIHA, M;

R u C - rugpaBnmueckuii paanyc, M 1 KodppuimreHT Hlesn M 2/ceK
V u 2- cpenHsis CKOPOCTh TEYEHUS, M/CEK U IUIOIAAb, M

Q u Qs - pacxosI BOJIHI, M>/cex n HAHOCOB, KI'/CEK;

B u H - mmpuna u cpenuss riryOuHa noToka, M;

£ - MyTHOCTb IIOTOKA, Kr/M;

O - IOPUCTOCTh OTIIOKECHUM.

IIpu mnpakTH4ecKOW peaau3aluy JaHHOW CHUCTEMBl YpPaBHEHWH, Ul 3aMbIKaHMs
UCCIJIEIOBATESIMU IPUHUMAIOTCSI YpaBHEHHUE PAacX0JJ0B HAHOCOB, MyTHOCTh, T'HIPaBIMYECKOE
CONPOTHUBIIEHUE, CBSA3M MEXKIY OCHOBHBIMH Da3MEpaMU pycla U CBA3M  MEXIY
BEPTUKAIBHBIMU 1 OOKOBBIMHU Je(POpMaIUsIMU.

K uucny meromoB BTOpo# rpymmbel oTHocATcs paborel M.A. BenukanoBa, A.B.
KapaymeBa, B.B. Pomanosckoro, .M. Jleen, M.A. MoctkoBa, C.T. Antynuna, M.A.
Bby3ynosa, @.111. Myxamemxanosa, K.M. baiimanosa u ap. [9, 20].

Tperbst rpynna — MeToJlbl, OCHOBAHHbIE HAa 3aKOHOMEPHOCTSIX OCAaKIEHHS HAHOCOB,
YCTaHOBJIEHHBIX TEOPETUYECKH UIIU KCIIEPUMEHTAJIBHO.

K uucny MeTos10B TpeThel TpymIibl B OCHOBHOM OTHOCATCS MeToabl B.C. Jlammenkosa,
B.A. CxkpsuibaukoBa, X.II. IManupo, H.K. OtBepuenko, B.b. AxkynoBa, I'.T. J[aBpoHOBa,
N.A. AxmeaxokaeBoit u ap. [9, 18, 54, 63].
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[Tpu 0630pe M aHaNM3e CYIIECTBYIOUIMX METOJOB pacuera 3aujIeHHs] BOJIOXPaHMIIUIIL

OBLIIO BBISIBJICHO CJIEAYIOIIHE:

1. CrnoxHOCTb pacuera, TPEOYIOIHMX HATUYHE OOJIbIIEro o0beMa UCXOIHON HH(POPMALINKA U
TPOMO3AKUX JIOTIOTHUTEIHHBIX BBIYMCICHUH.

2. bonpiime OTKIOHEHHUS pe3yJlbTaTOB pacueTa OT HATYPHBIX JaHHBIX MO 00BeMy U
MECTOPACIOTIOKEHUIO OTIOKEHUN HAHOCOB.

3. Hwmeromue meronsl pacuera ObUTM pa3paboTaHbl ISl PYCIOBBIX BOJOXPAHMIUII, TIE
npeanoaraercs yposeHs Boasl ipu HITY.

4. PaccMmaTpuBaroOTCs TOJBKO MeNIKHe (PpaklMyd HAHOCOB M HE YYUTHIBAIOTCS IepepadoTka
OeperoB ¥ HAHOCHI, IPUHOCHMBIE BETPOM, KOTOPBIE MOTYT COCTaBIIATh MPUMEPHO OT 3 10
6% rog0BOro 00BEMa HAHOCOB.

W3 o630pa m3ydeHus mpoOJIeMbl 3aMJICHUS W METOJOB pacyeTa €MKOCTEeH BOJIOXPAHWIIHII

CTaHOBUTCS OYEBHJHBIM, UYTO JIaHHAs MpoOjeMa SBIseTCS aKTyaJbHOW M METOAMKA pacyeTa

HAXOJWTCS B HE3aBEPIICHHON CTAaauU PEIICHHS, I03TOMY HACTOSIIAS JUCCEPTAMOHHAS

paboTa moCBsIIEHA K HCIOJIb30BAHUI0 T€OMH(GOPMAIIMOHHBIX CHCTEM JJIsl pacuera 00beMOB

3aMJICHUS IKCIUTYaTHPYEMBIX BOJOXPAHUJIHIIL

2.2. barumMeTpuyeckasi CbeMKa Yalld BoJoeMa

OpauM m3 >PPEeKTHBHBIX METOJOB pacuera o0ObeMa 3amJICHHs SBISIETCS MOBTOPHBIE
0aTUMEeTPUYECKUE ChEeMKH Yalll SKCILTYyaTHPYEMbIX BOJIOXPAHHIIHII, TO3BOJISIONINE MTOTYIUTh
KOHEYHBIC Pe3yJIbTaTh 3arJICHHS.

Ha ceromusmHuii AeHb, CYIIECTBYIOT pa3iIMYHbIE METOAbl M TEXHOJOTHU JUIS
NpOBEICHUST OATUMETPUYECKOM ChEMKM dYall BOJHBIX OOBEKTOB B THUAPOTpaHUUECKUX
uccienoBaHusIX. Hampumep, MIMPOKO MCIONB3YIOTCS aKyCTHUECKOE 3SXOJOTHUPOBaHHME C
npuBsiskoii kK GPS-cucreme, OoptoBas cucrema osxomotupoBaHus LIDAR® u
MHOT'OIIPOJIETHBIE THAPOJIOKATOPHI, KOTOPbIE MO3BOJISAIOT UCKIIOUYUTH Ie0/Ie3ndecKue paboThl
U B KOPOTKHIA CPOK MPOBECTH ITHU M3BICKAHUSI C MEHBIIMMH MaTepHAJIBHBIMH 3aTparamu [47,

58, 64, 76, 77, 84, 85, 91, 96].

2.2.1. I'mapoaxkycTHyecKasi cHcTeMa 3aMepa riryOnH

[TpuHIMnoM paboThl 3TOM CHCTEMBI SIBISETCS H3MEPEHHE 3aTPadyeHHOrO0 BpPEMEHHU
3BYKOBOTO CHUTHAJIA, U3JIyYCHHBIM 3XOJIOT-IaTYUKOM (transducer) st mpoXoKaeHHs TOJIIN
BOJIbl M OTOOpaKeHHMsI CHUrHaja oOpaTHO OT JH00H aKycTHYecKOM oToOpakaromien
MOBEPXHOCTH K Aatuuky (puc. 2.1) [77, 82].

Ha puc.2.1 D — u3mepsiemas riryOuHa Mexay oToOpakarolieil HOBEpXHOCTBIO U 3XO0JIOT-
JTaTYUKOM. Bpemsi mpoXoKJIeHHsI CHTHAJIa 3aBUCUT OT CKOPOCTH PACIPOCTPAHEHUs CHUTHAJA
(V) B Tomme Boabl. Eciu CKOPOCTH pacrpocTpaHeHHs 3BYKOBOTO CHT'HAJa B TOJIIIE BOJBI U
paccTosiHuE MEXIY HCXOJHOW BOIHON TOBEPXHOCTHIO M 3XOJOT-AATYMKOM H3BECTHA, TO
CKOppekTHpoBaHHass riyOnmHa (0) MOXeT OBITh BBIYKMCICHA HW3MEPEHHBIM BPEMEHEM
MIPOXOXKJICHHSI CUTHAIIA.
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Hcrounuk: US Army Corps of Engineers. EM 1110-2-1003

Puc. 2.1. Cucrema OIHOIIPOJICTHOI'O THAPOAKYCTHYCCKOI'0O METOAA AJII UBMCPCHUSA FJ'Iy6I/IHLI
Figure 2.1. Single beam acoustic depth measurement system

CKOppeKTHUpOBaHHAs TIyOMHa K WCXOJHOW BOJHON IOBEPXHOCTH BBIUUCISICTCS
cnenyomen GopMmynoit:

d=12x(vxt)+k+(, (2.5)

rae

d = ckoppeKTHpOBaHHas TIyOMHA OT HCXOJAHOW BOJHOM MOBEPXHOCTH (M),

V = CpeJIHss CKOPOCTh 3ByKOBOTO CHIHANA B TOJIIIIE BOABI (M /CEK),

t = u3MepeHHoe 3aTpaueHHOE BpeMs CUTHaJIa OT JIaTYMKa /10 IHAa U 00paTHO K JaTYHUKY (CeK),
Kk = KOHCTaHTa CHCTEMBI,

dr = paccTosiHME OT KCXOIHOW BOJHOM MOBEPXHOCTH K naTyuky (draft) (m).

[Tapamerpst V, t, K 1 d; He ompeesstoTCes BO BpeMsi 9XOJIOTHPOBAHUSI, & JIOJDKHBI ObITh
onpezeNieHbl BO BpeMsl IMEPUOJNYECKOM TapHUpPOBKU H3MEPUTENIBHOTO O0OpYIOBaHUS.
Ucrexmee Bpemss t, 3aBUCUT OT OTPaKa€MOCTH IIOBEPXHOCTH M CBSA3aHHBIE METOJbI
00paboOTKM CHTHaia, HMCMIOJIb30BAaHHBIE MJISi PACHO3HAHUS JEHCTBUTEILHOTO OTPaKEHUS.
dopma UM Pe3KOCTh OTOOPAXKEHHOTO CUTHala Ha pHc.2.] urpaetr BakHYIO POJIb B TOUHOCTH
omnpeneneHus rryounsr [77, 82].

Omnpenenenre CKOPOCTH 3BYKOBOT'O CUTHala, V, SABISETCS CaMbIM BaXXHBIM (PAKTOpOM B
sxojotupoBanue. CKOpoCTh 3BYKOBOI'O CHTHala BapbUPYET OT MIJIOTHOCTH U APYTUX (PU3HUKO-
XUMHYECKHX CBOMCTB BOJBI. DTH CBOWMCTBA BOJBI 3aBUCUT OT TEMIIEPATYphl U COAECpPKaHUS,
B3BEIICHHBIX WJIM PACTBOPEHHBIX BEIIECTB B BOJE, T.€. COJICHOCTh. 3HaUCHHE TeMIIepaTyphl U
COJICHOCTH BOJIbI PE3KO BAapbUPYET OT TITyOMHBI M CKOPOCTh 3BYKOBOI'O CHUTHajia He Oyjer
MOCTOSIHHOM Ha PAacCTOSIHUM OT 3XOJIOT-JaT4MKa J0 JIHA, U OTKJIOHEHHS MOTYT OBITb OYEHb
3HAYUTENbHBIMU [ 82].
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Hanpumep, ecnu 3HaueHue TemmepaTypbl U3MEHUTh Ha oJIuH rpanayc Llemscus To,
POM30UIET U3MEHEHHE CKOPOCTH 3BYKOBOTO curHaia Ha 4,5 m/cex. Ha kaxxnoe uzMeHeHue
cosieHoCTHU B 1 %o, N3MEHEHUE CKOPOCTH 3BYKOBOI'O CUTHAJIA BeIpaxkaercs B 1,3 m/cek [77].

YacToTa aKyCcTUYECKOTO CUTHAJa SIBJISETCS MapaMeTpoM, KOTOPOE ONPENEIIIeT pajanyc
JNEHCTBUS M CTENEeHb IPOHUKHOBEHHUS CHUTHaja. YMEHbBIICHHE AaMIUIUTYIbl (3aTyXaHue)
3BYKOBOT'O CUTHAJIa B BOJIE IPOMOPLHMOHATIbHA YaCTOTEe cUrHaja. YeM OoJblle 4acToTa, TeM U
0oJbIIe 3aTyXaHHWe 3BYKOBOI'O CUTHAja, U MEHbIIE paguyc ICHCTBHUS M NMPOHUKHOBEHUS K
THY.

Tunu4HbIe YaCTOTHI, UCIIOIb3YEMbIE B AXOJIOTUPOBAHUU:

1. I'my6unsl menbine 100 m, gactotsl 6omnbiie 200 kI'1;
2. I'my6unsl mensbiie 1500 M, gactotsr ot 50 g0 200 KI'1I;
3. I'my6unst 6ombme 1500 M, yactoTs! ot 12 1o 50 k[ 1.

2.2.2. boproBas ruaporpapuyeckas cucrema LIDAR

Ota OoproBas ruaporpadudeckas cuctema Oni1a pazpadorana B CIIA B 1990-x romax
¥ TIpeIHA3HAaYCHA ISl TIPOBEACHUS 0ATUMETPUUICCKON CheMKH BOIHBIX 00BEKTOB. BopToBOit
wiatGopMoli MOXKET OBITh BEPTOJET WJIM MAJCHBbKHI caMolieT. DTa CHUCTeMa COCTOUT HUX
OOpPTOBOH HYacTH, KOTOpas coOMpaeT MaHHBIC W HA3eMHOM, KOTOpas o0padaThiBaeT JaHHBIC
(puc.2.2) [76, 77].

Hctounuk: US Army Corps of Engineers. EM 1110-2-1003.I'naBa 13.

Puc. 2.2. boproas cucrema LIDAR
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Figure 2.2. Airborne hydrographic system LIDAR

[TpuHIMIT 3TOM CHUCTEMBI 3aKJIIOYAETCS B TOM UYTO, OHA M3JIy4aeT Ja3epHbIC UMITYIbChI
gactrotoi B 400 pas/cek W CKaHHpPYeT BOAHYIO MOBEPXHOCTh moj yriom 180 rpamycos.
JlazepHblii HUMITyNIbC HM3JIy4aeTcs OT OOpPTOBOrO JaTyMKa Ha BOJHYIO MOBEPXHOCTh, OT
KOTOPOH OTpa)kaeTcsi HEKOTOpas dYacTh CBETOBOTO HUMIYJIbca M 3aTeM (UKCHPYETCS
OOpPTOBBIMU ONTHYECKUMH JAaTdukamMu. OCTaBIIMICS CBETOBOW UMIYJIBC MPOXOIUT Yepe3
TOJIILY BOJBI, OTPAXKAETCA OT JHA BOJOEMa U 3aTeM (UKCUpPYeTCss OOPTOBBIMH ONTUYECKHUMU
naTurkamu. Pa3Huia BpeMeHu (QUKCAlUy UMITYJICOB OOPTOBBIMHU ONTUYECKUMHU JaTYHMKAMU
OTpaKeHHsI OT BOJHOM MOBEPXHOCTHU M JTHA BOJAOEMA U YKa3bIBACT HA TITyOHHY.

Hanpumep, onepupys nerarenbHbiM annaparoM Ha BeicoTe 300-500 M cO CKOPOCTHIO J10
70 m/cex TO3BOJSIET NMPOBOAWUTH W3MEPEHUE TIYOMHBI sSYelku pasmepoM 4 M X 8 M u
MOKpBIBaeT 35 kM B yac. IIOTHOCTD 3XOJOTHPOBAHMUS MOYKET OBITh M3MEHEHA C IIOMOILBIO
pEryIUpOBaHMS BBICOTHI TIOJIETA JICTATEIBHOTO amrapara, CKOPOCTH TOJIETa WM BBIOOPOM
Pa3IMYHON MIUPUHBI CKAHUPOBAHUS.

Ora cucreMa I03BOJSET IPOU3BOJUT MHOMKECTBO HU3MEPEHHH i1 pa3paboTKu
MPOCTPAHCTBEHHON IUGPOBON MOJEINM MECTHOCTH JUISl OINpPEAETCHHUS MOJIE3HONH EMKOCTH
BOJIOXPAaHWJIMIL ¥ OIIPENEIUT OOBEMBI 3aUICHUS.

Kak u Bce cucrempl, 3Ta CHCTeMa TakKe HMEET OrpaHHYE€HHE U OCHOBHBIM
OTPAaHUYHUBAIOIINM YCJIOBUEM SBIISIETCSI TPO3PAYHOCTH BOJBI. B 4HCTBIX BOjax, 3Ta cuctema
byHKIIMOHUpPYET Ha rIyonHax 10 60 M, 1 HE PEKOMEHIYeTCsl MCIOJIb30BaTh 3Ty CHCTEMY B
MeCTax C BBICOKOW MyTHOCTBIO [77, 82].

2.3. Cucrema riio6ajibHoro nosunuonuposanusi (GPS)

Brepseie, cuctema rinobansHoro mosununonuposanuss — GPS (Global Positioning
System) paspabaTeiBamack JUIs  BOEHHBIX meieid. M3HawampHO, cucrema GPS
IpeHa3HayaIoch IS Tepe/layd HaBUTallMOHHBIX CUTHAJIOB, KOTOPBhIE MOTYT OJIHOBPEMEHHO
NPUHUMATbCS BO BCEeX permoHax wmwupa. Muunmatopom co3manuss GPS-cuctemsl crasno
Munucrepcto O6oponst CIIA B 1973 1. [76].

['moGanpHast cuctema no3unuoHupoBanus (GPS) cocTtouT U3 Tpex OTIENbHBIX,
CBSI3aHHBIX DJIEMEHTOB: HA36MHOTO CETMEHTa (Ha3eMHBIX CTAaHIIMK CIIEKEHHS ), KOCMHYECKOTO
CerMeHTa (CIIYTHHUKOB) W TIOJIb30BATEIbCKOTO CErMEHTa (MEPCOHANBHBIX MpHUEMHHKOB GPS).
Bce Tpu 00beANHSIOTCS OCPEICTBOM NIEpEIayu U puemMa paauocuruainos puc. 2.3 [76].
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24 aBTOHOMHBIX KOCMUYECKUX CNYTHUKOB
Bpawatouuxca no 6 opburam sokpyr
3emnu Ha ebicoTe 20 Teic. 200km

Kaxnan opfuta oxgaueHa 4 KOCMHUNECKUMK
CNYTHUKAMK, U HAKNOHeHa Ha 55 rpaaycoe kK
3KBATOPY.
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Puc. 2.3. CocraB cucrembl GPS
Figure 2.3. Composition of GPS system

Cuctembl GPS cocTouT u3 24 aBTOHOMHBIX KOCMHYECKUX CIYTHMKOB BpAIalOLIUXCS
o 6 opOutam Bokpyr 3emiu Ha BbicoTe 20 Thic. 200 KM.

Kaxnas opbura oxBaueHa 4 KOCMMYECKMMHM CITyTHUKAaMH, U HAaKJIOHEHa Ha 55 rpaycoB
K dkBaTopy. Ilepuon oOpalmieHuss KakJoro aBTOHOMHOIO CIIyTHHKa II0 Bced opOuTe
coctapiisgeT 12 yacoB. OpOUTHI pacHOIOKEHbI TaK, YTO B JIFOOOH MOMEHT BPEMEHM Ha JIMHUU
HpsIMON CBSA3M C JIF00OOM TOUKOM MOBEPXHOCTH IJIAHETHI HAXOATCS, 10 KpailHeil mepe, MATh
CIIyTHHUKOB, KOTOpBIE HAKJIOHEHBI HA 15 rpagycoB K TOPU30HTAIBHON INIOCKOCTH [76].

2.3.1. IlpyHIUNBI onpe/iesieHus1 KOOPAUHAT ¢ noMombio GPS cucrembl

B ocnoBe onpenenenust koopauHat GPS-npueMHuKka neXUT BBIUMCIIEHUE PACCTOSHUS
OT HEro JI0 HECKOJBKHX CITYTHHKOB, PACIOJOXKEHHE KOTOPBIX CUMUTAETCS WU3BECTHBIM (ITH
nanHble Haxoxaarcss B GPS-criytHuke). B reogesnn MeTo BeIYMCICHUS MOJOXKEHUS 00BEKTa
0 W3MEPEHHI0 €ro YyIAJEHHOCTH OT TOYeK C 3aJaHHBIMH KOOpAWHATAMH Ha3bIBACTCS
«rpunarepauuein» [43, 76].

61


http://www.colorado.edu/geography/gcraft/notes/gps/gps_f.html

Jns omnpeneneHusi TpexMmepHbIX koopauHaT GPS-mpueMHHKa HCIONB3YIOTCS Kak
MUHHMYM, 4 criyTHuKa. [lonyuuB curaan ot 4 (wim 6onee) ciyrHukoB, GPS-nipueMHHK et
TOYKY IepeceUeHust COOTBETCTBYIOIIMX cep (puc. 2.3) [47].

Cospemennsie GPS-ycTpoiicTBa 00bIYHO OCHAIIEHBI 6-8 TPUEMHHUKAMH, YTO MO3BOJISET
OTCIIC)KUBATh, TPAKTUYECKH, BCE HABUTAIMOHHbIE CIYTHUKU, HaXOJSAIIMecs B 30HE
pamuoBUIUMOCTH OOBeKTa. Ecnm KkaHajioB MeHbIIE, 4eM «HAOIIOAaeMbIX» CIYTHHKOB,
aBTOMAaTUYECKU BBIOMpaeTcs Hambojee ONTHUMabHOE cOoYeTaHue CIYTHUKOB. CKOpOCTh
OOHOBJICHHMSI HABUTALIMOHHBIX JaHHBIX lcek. Bpems oOHapyXeHUs 3aBUCHT OT 4YHCIa
OJIHOBPEMEHHO HaOJII0aeMbIX CITYTHUKOB U PEKHMMa ONPEAETICHUS MECTOOIOKEHUS.

OnpeneneHre HABUTAIIMOHHBIX MApPaMETPOB MOKET MPOU3BOAMTHCS B JIBYX PEXUMaX -
2D (mBymepunom) u 3D (mpoctpanctBeHHOM). B pexkxume 2D ycraHaBiMBaroTCs MUAPOTA H
J0Ar0oTa (BBICOTA CUYUTAETCS W3BECTHOHM). IIpM 3TOM JOCTaTOYHO TNPHUCYTCTBHUS B 30HE
pazuoBUIMMOCTH 3 CHYyTHUKOB. BpeMms ompenenenus koopauHat B pexxume 2D oObr4HO He
npesbimaet 2MuH. [ onpenenenus: mpoCTPaHCTBEHHBIX KOOpauHAT aboHeHTa (pexum 3D)
TpeOyercs, 4YTOObl B COOTBETCTBYIOIICH 30HE HAXOAWIUCh HE MeHee 4 CIyTHHKOB.
[apantupyrorcss BpeMsi OoOHapyxkeHHsi He Oojee 3-4MUH W TIOTPEIIHOCTH BBIYMCIICHHS
KoopauHat — He 6osiee 100Mm [76].

CymecTByeT TpU OCHOBHBIX IMpPUHIMIA [O3ULIUMOHUPOBaHMS:  1)abCOIIOTHOE;
2)otHocuTeNnbHOE;, u 3)auddepeHimanbHoe. B rugporpaduyecKux — MCCICIOBAHMIX
ucTonb3yeTcs TuddepeHuaiIbHoe TO3HIMOHUPOBaHNe. TPy MPUHIUIA TO3UIIHOHUPOBAHNUS
JAIOT pa3JInyHble CTEeHU TOYHOCTH (cM. Tabnuiy 2.1) [76, 81].

Tabmuna 2.1
CreneHb TOYHOCTH MO3ULIMOHUPOBAHUS

Table 2.1. Positioning accuracies of location

IpuHIMI NO3UIIMOHMPOBAHUS TouHocTh
AOGCOmOTHBIN (CTaHJapTHAas CUCTeMa MO3UIIMOHMPOBAHUS) C 10-30 m
nusmepenuem koja C/A Ha gactore L1
AOCOMOTHBIM  (TOYHast cHcTeMa MO3UIMOHMPOBAHUSA) C 5-15m
nszmepenneM koaa P (Y) Ha wactorte L1/L.2
OTHOCHUTENBHBIHN ¢ U3MEpEHNEM CTaTUYECKOH (a3bl 8-10 M nim 6-10 m
OTtHOcuTENbHBIH ¢ n3MepeHneM ¢asbl (RTK) JIEHUMETP
Juddepennmanbublii ¢ uamepenuem ¢hasnl koga (DGPS) HECKOJIbKO METPOB
Huddepenunansupiii ¢ u3mepenueM Hecymieil ¢aszpl (RTK | HecKonbko CaHTUMETPOB
DGPS)

Hcrounuk: US Army Corps of Engineers. EM 1110-2-1003.I'naBa 13.

2.4. Crannaptel MI'O B 6aTuMeTpHYecKUX 00c/1eJ0BAHUIX

[Tpu OGatuMmeTpuyeckux OOCIEIOBaHUAX HEOOXOIUMO MPOBOJIUTH JIBa HE3aBUCHMBIX
u3Mmepenusi: X-Y (KoopauMHaThl MecTopacnoioxeHus) u Z (rmyOuny). B Hacrosiee Bpems
JUIsL  TOYHOIO ONpPEJENEHHUs KOOPAMHAT MECTOpACIOJIOKEHUS 9XOJNOoTa-AaTyuka Ha
IUTABaTEIbHOM CPEJICTBE MIMPOKO Hucmosb3yercss cucrema GPS. [lns TouHOro m3MepeHus
BEJIMYMH INTyOUH UCIIONB3YIOT T€OCTATUCTHUECKUE METO bl aHATU3A.

Heo6xonnMo KpaTKO OCTaHOBUTBCS Ha 0030pe MOTpelHOCTe 1 omulkax B Impouecce
U3MEPEHUs] MECTOMNOJOKEHHUS IUIaBaTEIbHOTO CPEJCTBa, HAa KOTOpoM ycraHoBieH GPS-
JaTuYUK M 3XO0JOT JUIsl ompeaeneHus TIiuyOuHsl. [lox NOrpemHoCTbIO MM OIIMOKON
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MOHMMAETCS pa3HULA MEXAY W3MEPEHHON BeIMYMHON U (aKTHUECKOH BETMYMHOMN
U3MEpEHMUS.

Cy1iecTBYIOT pa3ivyHble HCTOYHMKU MOTPEIIHOCTH WU OIIMOKKA B OIpeleiIeHUH
o0beMa 3amiIeHUs] B THIPOTrpapUuecKuX M3bICKaHUAX. MexayHapoHas ruaporpapuieckas
opranmsaiuss ~ (MI'O)  (International ~ Hydrographic ~ Organization)  paspabortana
MEXIyHapoaHbIH  cranmapt (S-44, 3-¢ wm3manme, 1998) mo ruaporpadudecKkum
MCCJIEI0BAHMAM YCTaHOBUB 95% nHTEpBan qocroBepHoCTH [81].

HeobOxonumo Bkpatie pacckasarb o MI'O. DTo opraHuzanus co 1ITa0-KBapTHPOl B
Monako Obuta opranu3zoBana B 1920 rogy u e€ wieHaMu SIBISAIOTCS Oosiee 76 CTpaH Mupa,
takue kak CIIA, Kanama, ['epmanusi, Aurnusa, ®panunusi, Poccusi, Kuraii, ABctpanus,
Snonus, bpasunusa u ap. s moaHoi nHpopManuu rnocetute MHTEpHET callT opraHu3aiuu
no axpecy http://www.iho.shom.fr [81].

CornmacHO MEXAYHapOIHBIM CTaHAApTaM [0 TPOBEIACHHUIO TUIPOTrpaduyYecKuX
uccienoBanuil pazpadborannoit MI'O, norpemHocTy Wi OUIMOKK MOXKHO CTPYIIIMPOBATh HA
crenymomye kateropuu: 1) rpyosie; 2) cuctemaTiueckue; 3) ciydaitasie [68, 74, 76, 81].

I'pybvie nocpewnocmu (owubKu) SIBIASIOTCS YETOBEUYSCKUM (DAKTOPOM, KOTOPBIC MOTYT
OBITh MUHHMHU3HPOBAHBI B TOJEBBIX HM3MEPEHUSX WJIA BO BpeMs KaMepaabHOW 00padoTKu
JMaHHBIX. ['pyOble OIMMOKK JODKHBI OBITh WCKIIFOYEHBI PA3JIMYHBIMUA IPOBEPOYHBIMU
npoueaypamMu U 00y4eHHeM CHEeIUaINCTOB.

Cucmemamuueckue nocpewHocmu (owiubky) MOTYT OBITb CMOACIUPOBAHBI, U
HMCTOYHUKOM 3TOH MOTPEUTHOCTH MOKET OBITh HEMpPaBUIIbHAS KaTHOpOBKa 000pyI0BaHUS WUIIH
HEIPaBUJIbHOE OIPEJIEIICHNE KOOPAUHAT penepa.

Cayuatineie noecpewnocmuy  SIBISIOTCS. HE3HAYUTENBHBIMH U BO3HUKAIOT —H3-3a
OTpaHUYEHUHN U3MEPUTENBHBIX IPUOOPOB U MPOLENYP, a TAKKE SABISIOTCS MOJIOKUTEIbHBIMU
WIA OTPHUIATETbHBIMU, W ONPENEISIFOTCS CTAaTUCTUYECKUMHU 3aKOHAMU BEPOSITHOCTH.
CrnyualiHble IOTPEIIHOCTH BO3HUKAIOT BCIIEACTBHE HECIIOCOOHOCTU TOYHO M3MEPUTh KaKyrO-
100 BENMYUHY WIH CMOAEIUPOBATH CUCTEMATUYECKYIO TIOTPEITHOCTb.

B npakrtuke, cornmacHo crangaptam S-44 HE0OXOAMMO IMPEIOIOKHUT, YTO CIyJaiHbIe
MOTPENIHOCTH B TUAPOTPaAPUUECKIX U3MEPEHUSX CTATUCTHUECKH HOPMAJIbHO paclpeesieHbI
('ayccoBo pacnpenenenue) [81].

CormacHo cratuctuke, 95% uWHTEpBall JOCTOBEPHOCTH O3HA4aeT HAa TOYHOCTH
U3MEpSeMON BEJIMYUHBI WM BOCIPOM3BOJCTBO PE3YyIbTaTOB M3MEpPEHUH, T.e., 95 3amepos
rnyoun u3 100 B ruaporpaduveckoM 0OCIEAOBAHUU BOCIPOU3BOIUTCS C HAMEUYEHHOUN
TOYHOCTBIO.

CornacHo MeXIyHApOJHOMY CTaHIapTy S-44 Bce HM3MepeHMs TINTyOMHBI 3XO0JI0TOM
JIOJKHBI OBITH BBITTOJIHEHBI OTHOCUTENIBHO KOHTPOJIbHOU TouKe Ha Oepery ¢ 95% uHTepBagoM
BEPOATHOCTH TOTO, YTO (PaKTHUECKOE MECTOIOJIOKEHUE JOKHO HaXOAUTCS B paguyce 1,5 mm
oT Macmraba oOcnenoBanus. Hanpumep, mis macmraba obcenenoBanus B 1:10000,
U3MEpEHUS TIyOMHBI HX0JIOTOM JIOJKHO OBITH OMpezesieHbl B mpeaenax 15 M OTHOCHUTENIBHO
(haKTUYECKOTO MECTOMOIOXKEHUS ¢ 95% UHTEepBAIOM JA0CTOBEpHOCTH [81].

®dopmyna a7 onpeaeaeHus NpeesioB NOrPEIIHOCTEN B ONPeIeTICHUH TITyOHHBbI:

J_r\/a2+()>x<d:2 (2.6)

rae

a=10m,b=0.023

a — MOTPEIIHOCTh HE3aBHCUMAs! OT TITyOHHBI, T.€., CyMMa BCEX MOCTOSIHHBIX MMOTPEITHOCTEH,
b — dbakTop morpemHOCTH, KOTOPAst 3aBUCHT OT TIyOHHBI,

d — rnmyOuHa, M
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(b*d) — morpeniHocTh, 3aBUCHMas OT TJIIYOWHBI, T.€., CyMMa BCEX IMOIPEIIHOCTEH, KOTOPHIC
3aBUCAT OT ITyOUHBI.

2.5.T'eocTaTucTHKA

['eocTaTUCTHKA COCTOMT M3 TPYIIT METOAMK U METOIOJIOTHIA JIJIsl IIPOBEICHHS aHAIM3a U
IPOTHO3UPOBAHUS 3HAYEHUH I[POCTPAHCTBEHHO-BPEMEHHBIX BEJIMYMH JJIS  PELIEHUS
npakThdeckux 3aaa4 [ 73, 74, 84, 94, 95].

Llenpr0 reocTaTHCTHYECKOTO METO/A SBJISETCS [IPOTHO3 3HAUCHHMI BEJIMYMH Ha MECTaXx,
rJIe OTCYTCTBYIOT 3TH JaHHbBIC. IIpH IeOCTAaTHCTHYECKOM aHaau3e JO0JDKHA CYIIECTBOBATH
KOPPEISIUA MEKIY MPOCTPAHCTBEHHO-BPEMEHHBIMH BEJIMYMHAMH W OTH KOPPEIAINU
U3y4aroTCs «CTPYKTYPHBIM aHAIHN30M» MU «BapHOTPAMMHBIM MOJICIUpOBaHueMy. [Ipu 5TOM
aHAJIM3€e HCIIONB3YIOTCA CPEJHEB3BEIICHHBIC 3HAYEHHS BEJIMYHMH, KOTOPBIE 3aBHCAT OT
OTJAJIEHHOCTH COCEIHUX TOUYCK MJIM IIap TOYEK 3HAYEHUH IPYT OT Apyra.

[eocTaTHCTHYECKHIA aHAITM3 TPOBOAUTCS B CIICAYIOLIEN mocieaoBareabHocTH [35] (puc.

2.4).
1. MepEOHAaYaNbHBIA 2. PacyeT 3KCnepUMeHTaNb- 3.MNopGop moaenu
CTATMCTUHECKMIA aHANK3 HOW BapUOrpamMMbl BapHorpammMbl

o o e e e e e e e e e S e e e e e e
1
| 4. VIHTepnonauma mo 5. PacyeT obbéma

coznaHKA ceTkM (kriging) BOAOCXPAHMNMLLA

Puc.2.4. Meton reocTaTUCTUYECKOTO aHAIN3a
Figure 2.4. Schematics model of Geostatistical approach

1. 3oHaupyroumii  CTaTUCTUYECKUMH  aHajIM3  MPOBOJUTCS i1  MEepBOHAYaIbHOU
CTaTUCTHUYECKOW 00paOOTKH JaHHBIX, U1 ONpEAETCHUs TPEHJIOB M CYIECTBOBAHUE
BBHIOPOCOB 3HAYEHUI;

2. BapuorpamMmHOe MOJENIMPOBAHUE COCTOMT M3 BBIYMCIECHUS OSKCIEPUMEHTAIBHON
BapHOrpaMMbl U TOA0Opa MaTeMaTHYecKOM (YHKIMM K HEHl mnyreM TIpaduyeckoro
aHain3a. Taxke BaXXHBIM MOMEHTOM HCCIIEJOBAHMM SIBISETCS W3YYEHHE AHU30TPOINU
(u3MeHeHHe (U3NYECKUX XapaKTEPUCTUK Cpelbl B 3aBUCUMOCTH OT HAIpPAaBIIEHUS HX
U3MepeHus). AHM3OTPONHUS 3TO COOTHOLIEHHE MeXAy HauOoiblIed M HauMeHbIIeH
JUCIIEPCUU B JAHHBIX HHTEPECYIOIIEH BETUUHHBI;

3. IIporaoszupoBaHue 3HAYEHUH, IJI€ OTCYTCTBYIOT BBIOOPKM 3THUX BEIMYHH C IOMOIIBIO
UHTEPIIOSIIMOHHOTO MeTofa —Kriging u BeIOOp OMTUMAIBHOTO pa3Mepa SYCHKH CEeTKU
JUIS IOCTPOCHUS OAaTUMETPUUECKOM MOJIENN Yalllh BOOXPAaHUIIHIIA.

2.6. IIporpamma SURFER

OcuoBubiM HazHaueHHeM SURFER-7 sBnsieTcs 00paboTka n BU3yanu3alius TByMEpPHBIX
HaOOpOB JTaHHBIX, OMUCHIBaeMBbIX (yHKuuerd tuma Z=f(X,y), a JOruKky pabOTBl C MaKeTOM
MO>KHO TPEACTAaBUTh B BUJIE TPEX OCHOBHBIX (PYHKITMOHAIBHBIX OJIOKOB [35]:
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a) [Toctpoenue uudpoBoit MoAETU MOBEPXHOCTH;

0) BciomoraTenpHbIe Onepanuy ¢ UGPOBBIMU MOAEIISIMH ITOBEPXHOCTH;

e Briuncienue o0bemMa MEXKIY ABYMsI IOBEPXHOCTSIMH;

e [lepexon oT 0JiHOM pEryJApHON CETKU K APYTOi;

e Briunciienue miomaau NoBepXHOCTH;

B) Buzyanuzaiius moBepXHOCTH.

KiroueBoit ¢pynkuueit SURFER siBisiercst co3nanue mudpoBoii Mogenu moBEpXHOCTH.
Haubonee akryaibHas MocTaHOBKA JaHHOM 3afaun GOpMyIUpyeTcs Kak rmepexoi oT Habopa
3HaYeHU! yHKIUU Z B MPOU3BOJILHBIX (HEYHNOPSAOUYEHHBIX) TouKax riockoctd (N Touek ¢
KoopauHatamMu X,Y) K 3HAQUEHUSM 3TOM (YHKIMH B y3J1aX HEKOTOPOH perysspHoil ceTku. B
Oosee oOLIEH MMOCTAHOBKE Ta K€ 3a7aya CBOJUTCS K BO3MOXXHOCTU BBIYMCIICHMS 3HAUECHUU
GyHKIMH B JTIOOOH TOYKE MOBEPXHOCTH (2 3HAYMT, U B y3J1aX CETKH) IO UCXOJHOMY HabOpy
JaHHBIX [49].

[Taker mpenocTaBisieT MOIB30BATENO JOBOJBHO IIUPOKHI HAa0Op MaTeMaTUYecKUX
METOJI0OB MHTEPIOJIALNHU, KOTOPbIE TO3BOJISIIOT BBIOpaTh HanboJiee ONTUMAIbHYIO MOJEIb IS
pelieHuss KOHKPETHON MPUKIIAIHON 3aJauH.

Ho eme 6onee BaxxubM noctonHctBoM SURFER siBnsiercst ero BO3MOXKHOCTD HE TOJIBKO
MOJYYUTh HU(PPOBYIO MOJAETH MOBEPXHOCTH, HO U IPOBECTH OICHKY KadecTBa MCXOIHBIX
JAHHBIX U MOJIYy4YaeMbIX PE3yJIbTaToOB. A 3TO o0ecreurnBaeT HEOOX0AUMbIE MPEANOCHUIKH IS
pemieHuss OOpaTHBIX 3a7ad, KOTOpbIE IO OOJBIIOMY CUETy M SBISIIOTCS IENbIO
uccieaoBarenbekux pador [50, 51].

OcHoBHast 0COOEHHOCTh MOJIeTTpoBaHus noBepxHoctu nporpammorr SURFER cocrout
B TOM, YTO TE€PPUTOpHUS pa3OMBaeTCA Ha CETKY C 3aJaBacMbIMH pa3MepaMH CTOPOH. 3aTeM
nporpaMMa aHajJu3upyeT COOTBETCTBUE MEXIY 3aJaHHBIX TOYEK B TOPU3OHTAIBHOMI
MJIOCKOCTH M BEPIIMHAMU STU€EK CeTKU monenu [49].

Pe3ynbpTaTom 3TOr0 aHagu3a CTAHOBSTCS 3HAYEHUs INIyOWH MO ocu Z JJis TeX siueek, B
KOTOPBIX 3TH 3HAYEHHUS OTCYTCTBYIOT. 3HAU€HHE INTyOMH PacCUMTHIBAIOTCS MO BHIOpAaHHOMY
QITOPUTMY Ha OCHOBE JAHHBIX O COCEJHUX TOYKAX B 3aBUCHMOCTH OT CTENICHH UX BIUSHMS Ha
TOUYKY pacuera.

[udpoBast Mojens MOBEPXHOCTH TPATULMOHHO NPEICTABISETCS B BHJE 3HAYCHUH B
y3JIax MPSIMOYIOJIbHOM PEryJIsipHOM CETKH, JIUCKPETHOCTh KOTOPOW OIpenensiercss B
3aBUCHUMOCTH OT KOHKPETHOM pemaemMon 3agauu [35, 49].

B npuHnune, BO3MOKHO TpU BapuaHTa MOJTY4YEHMs] 3HAUEHUU B y3JlaX CETKH; BCE OHU
pea30BaHbl B AKETe:

1. [lo ucXoIHBIM JaHHBIM, 33JaHHBIM B MPOM3BOJIBHBIX TOUYKAax obOsactu (B y3iax
HEpEeryJIsIpHOM CEeTKH), C HCIOJb30BaHUEM AaJTOPUTMOB MHTEPIOJSAINH JIBYXMEPHBIX
byHKIINI;

2. Brpluucrnenue 3HaueHu# (yHKIMHM, 3aJaHHON MOJb30BATENEM B SIBHOM BHJIE; B COCTaB
Makera BXOJUT JOCTaTOYHO LIMPOKUNH HAO0p (YHKUUNH — TPUTOHOMETPUUYECKUX,
Beccernsi, 3KCTIOHEHIIMANBHBIX, CTATUCTUYECKUX M HEKOTOPBIX JAPYTHX;

3. Ilepexom OT OFHOW pETyJSpHOW CETKH K JpYroi, HampuMep, NP W3MEHEHHU
JUCKPETHOCTU CETKU (371eCh, KaK IPaBWIO, HCIOJIB3YKOTCS JOCTaTOYHO IPOCTHIE
QITOPUTMBl HMHTEPHOJSLIUU U CIrIAXHBaHHUS, TaK KaK CUMTAeTCs, 4YTO MEepexo]
BBITOJIHAETCS OT OJJHON IJIaJIKOI MOBEPXHOCTH K JIpYroi).

IlepBbIii BapuWaHT MOJYYEHHsS CETOYHOM MOJEIM 4Yalle BCEro BCTPEYaeTCs B
NPAaKTUYECKUX 3a/1a4ax, U UMEHHO AJITOPUTMbI WHTEPHOJSALMH JABYXMEPHBIX (DYHKIMNA TpU
Nepexo/ie OT HEPETYISIPHON CETKHU K PETYISIPHOMN SBISIOTCS «KO3bIpem» naketa [49].
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BbiBoabI O BTOPO¥i Ii1aBe

1. OO630p CyIIecTBYIOIIMX METOJOB pacyeTa 3aujICHHs MOKa3ajl HEeJOCTaTKH, U CIOKHOCTh
UCIIOJIb30BAaHUS 3TUX METO/0B BBHJlY I'POMO3JKUX 00BEMOB UCXOJHON MH(pOpMALUU AJIS
pacueToB. A TaKXke, 3HAYMTEIbHBIC OTKJIOHEHHS PEe3yJbTaTOB HATYPHBIX M PacUeTHBIX
UCCIIEI0OBAHUH.

2. T'eomH(pOpMaIMOHHBIE TEXHOJOTUH TO3BOJSIOT B CXKAThle CPOKH TIPOBOAHMTH COOpP
HATYpHBIX JaHHBIX M NPOBECTH KaMepalbHyI0 00paOOTKYy HaHHBIX ¢ yBsi3kod k GPS-
cucteMe. JTO TMO3BOJSET ONEPAaTHBHO CO3/1aBaTh B IUQPPOBOM ¢opmare KapThl YallH
00BEKTa U MPOBOJUTH aBTOMATHU3AIIMIO pacyeTa 00bEMOB BOAOXPAHHIIHUINLA.

3. C nomompio GPS-cucremMbl MOXHO ObICTpO W 3((HEKTHBHO B peaJbHOM BpPEMEHHU
OTIpeNIeIUTh TOYHOE MECTOPACIONIOKEHHE OOBEKTOB B JH0OOE BpeMs rojaa W JHsS, BHE
3aBHCUMOCTH OT MeTeoycsioBuil. C W3BECTHBIMH KOOPIWHATAMH MOKHO TIOCTPOHTH
U(PPOBYIO MOJIENb TOBEPXHOCTH.

4. Tlpu pa3nu4HbIX YCIOBHAX cOOpa HATYPHBIX TAHHBIX CYIIECTBYIOT pa3iIHuHbIe (PaKTOPHI U
UCTOYHHUKHU MOTPELIHOCTH B Ipoliecce cOopa U UCIONb30BaHUS TEXHUKHU U TEXHOJIOTUH, U
[O3TOMY O4Y€Hb BaXXHO Yy4YecTb OTH MOIPEIIHOCTH B pacyerax C IOMOIIbIO
WHTEPTOJSIIIMOHHBIX MOJIETICH, B YaCTHOCTH I'€OCTATUCTHKA.

5. T'eocratuctuyeckuii METON MO3BOJIAET MPOBOAUTH MHTEPHOJSILNIO M MPOTHO3 3HAYEHUH
U3 JMCKPETHBIX TAHHBIX W C TIOMOIIBI0 BapUOTPAMMHOTO MOJICIUPOBAHUS YCTAHOBUTH
Hay4yHO OOOCHOBaHHYIO s4YeWKYy CeTKM Ui OaTUMETPUYECKOM MOJAeIH yYallu
BOJIOXPAaHWJIHIIIA.

6. C nomompio nporpammbel SURFER MoxHO co3nath nu¢ppoBy0 0OaTHMETpUYECKYIO
MoJieIb Yallld 00bEeKTa U PacCUUTaTh OOBEMBI U MPOBECTH CTATHUCTUYECKYIO 00paboTKy
JAHHBIX B CXKaTble CPOKU U YBEJIIMUUTH Ka4eCTBO padoT.
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I'JTABA 3.
OBBEKT UCCJIEJOBAHMA U TEXHUKO-KJIMMATHYECKHUE

YCJIOBUS PAMOHA

3.1. AkgapbuHCKOE BOJOXPAHUJIHIIE

AKIappUHCKOE BOJOXPAaHWIMILE PpYCJIOBOrO THIIA, CE30HHOTO pEryJHpOBaHMUS,
00pa30oBaHO CTPOUTENIHCTBOM IUIOTHHBI B HauOojiee Y3KOM MecTe MOMMBI p.AKIapbs (puc.
3.1). D10 BOJIOXpaHWIHUIIIE PACIIOIOKEHO B 15 KM K ceBepo-3anaay ot r.Jmruxan Ha rpaHune
Nmruxanckoro u Karrakypranckoro tymanoB CamapkaHickoi oOmactu PecnyOmuku
V36ekucran [26, 57, 60].

YcnosHble 0003HaueHus
KasaxcraH O Topoa
° Mocénok
Peka
o  Bogoxparunmue
N— Kananbl
TapxukmcTax
TypkmeHucTaH
Z
HABOUHCKASA ==

AX-K3PANADLUHCINR
sogcaenuTens

CAMAPKAHAOCKASA

)
1
I
1
1
I
!
1
|
" OBJNACTb = ‘\ Cabupcanckoe -

- -

BYXAPCKAA OBJIACTb

KaparenuHckoe

Puc. 3.1. Mectopacnosnoxxenue AKIapbUHCKOTO BOJOXPaHMINILA
Figure 3.1. Location of Akdarya reservoir and study site

OcHOBHOE TpeJHa3HAaYeHNUEe BOJAOXPAHWJIMILA SBJSETCS OpOIIEHUE 5,5 ThIC. ra HOBBIX
3eMeNlb M TIOBBIIICHUS BOJOOOECIIEUEHHOCTH 12 TBIC. Ta CTapOOPOIIAEMBIX 3EMEINb
Nmtuxanckoro u Karrakypranckoro Tymano Camapkasickoit obmactu [60].

3.2. Peabed n reomopgoaorus

CoBpeMeHHass J0iMHA P.AKIapbd, KaKk TeoMOpP(OIIOTHYECKH, TaK M JHTOIOTHYCCKU
BJIOXCHA B OTIJIOXKCHHA HpOHIOBHaHBHOﬁ JOJIMHBI. HOCHGI[HSISI CJIOKCHaA JICCCOBHAHBIMU
CYTTIMHKaMHU MOIIHOCTBIO OT 5 10 40 M, MOACTHIAET MX MOIIHAS TOJIIA TaJCYHHUKOB OKOJIO
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300 m. IleHTpasibHasi 4YacTh IUIOTHHBI PACMOJIAraeTCs B MOMMEHHOM 4YacTh p.AKIapbs.
CoBpeMeHHasi TOWMa pEKH CJOKEHAa CYIJIMHKAMH, MEJIKO3eMaMH U TaJeYHUKaMU
JUTIOBUAILHOTO reHe3rca. MoIHOCTh MeK03eMOoB Bapbupyet oT 0,5 10 5 m [58, 60].

Pycrno pexu Xopoiio BeIpaXeHO, CII0KEHO I'PABEIUCTO-TAJICUHUKOBBIMU OTJIOKEHUSIMH.
V3MeHeHre BBICOTHBIX OTMETOK Ha MPOTSHKEHUWU BCETOo MPOTOKa p.AKAapbu KoJebieTcs: OT
680,0 o 400,0 m abc.

Penbed mnpusneraromeii MeCTHOCTH MpPEACTaBIEH C MpaBoro Oepera HU3KOTOPbEM C
BBIPOBHEHHBIMH BEPIIMHAMU, TOCTENIEHHO MEPEXOAIIMMU B AJUTIOBUAIILHO U MPOJIOBUAIIEHO
NpeIropHble paBHUHBI W IOMMEHHbIE PAaBHHUHBI, MO JEBOMY Oepery ¢ MOMMEHHBIMH U
TEPpacOBbIMU paBHUHAMH. [lOBEpXHOCTH TEPPUTOPUM MPEIACTABICHA COBPEMEHHBIMU
OTJIOKEHUSIMH PYCEJl PeK U KOHYCOB BBIHOCA MEJIKUX BOJOTOKOB [60].

3.3. T'mapojiorudeckasi XapakTepuCcTHKA

Pexka Aknapbs siBIsSIeTCSI MpaBbIM PYKaBOM peku 3apadiiaH, y AK-KapaJapbHHCKOTO
BOJIOZICIIUTEIISI, PACIONIOKeHHOro BocTouHee r.Camapkanna, p.3apadian pa3aensercs Ha ABa
MIOCTOSIHHBIX pyKaBa: ceBepHbIN (AKknapbs) U roxHbIi (Kapagapes). PykaBa o6pa3yioT octpoB
JnuHou 100 kM u 15 kM mmpuHO#, noa Ha3BaHuEM MuaHKysb. PykaBa BHOBb COEIMHSIIOTCA B
OJIHO pycJyio 3anagHee r.Xareipuu [60].

AKIapbUHCKOE BOJOXPAHUJIMILE PACIIOIOKEHO Ha MpoToke AkAapbs Ha 50 KM HUXKe
AK-KapagapbUHCKOro Bojozaenutens. Pexka Axnapes umeer anuHy 131 kM ¥ mporekaer 1o
HIMPOKOM MoiiMe cocToAlei U3 MOWMBI U MOMMEHHOHN Teppackl, mpeodianaronas mupuHa
noiimeHHoll Teppacsel 0,2-0,6 KM IIpyU MaKCUMAaJbHBIX 3HAYEHUSIX HAa OTHAEIbHBIX Y4acTKax J0
1,5-2,0 kM. Pycno ymepeHHO H3BUIMCTOE U pa3BeTBIEHHOE. bepera HeycToiluuBble U
MecTaMu OOpBIBHCTBIC MM KpyThle. Peka mpoTekaer mo mupokoil 3apaduiaHcKoil JoirHe
CJI0’K€HHOM MTPEUMYIIECTBEHHO JIECCOBBIMU OTJIOKEHUSIMHU [26].

B Hactosmee Bpems Axkaapbs MOXET OBITh CIYXUTh TOJBKO COpPOCHBIMHU
KaTacTpo(uyeckuM TpakToM p.3apadiuaH, B TO BpeMsi KaK OCHOBHOM IOTOK PEKH MJIET MO €&
neBoMmy npotoky Kapamapes. Kpome Toro, Aknapbs sBIsS€TCS HNPUEMHUKOM COPOCHBIX U
BBIKJINHUBAIOIIMXCS BOJl Ha BCEM MPOTSDKEHUM U COOMpaeT J0XOAAIIMe J0 Hee CeJeBble
MABOJIKM C IIPaBOOEPEHKHBIX TPUTOKOB, UMEIOIINE MECTO IPU BBINAJAEHUHM OOMIIBHBIX OCaJIKOB
(tabn. 3.1) [60]. B AknappuHCKOE BOAOXpaHUJIMIIE MMONAAaTh CTOK ¢ miomaau 2020 KM% 13
HHX aKTHBHOE cToKo(opmupoBanue - 1500 km? [59].

Tab6muna 3.1
Bonubie pecypchl B cTBOpe AKIapbHHCKOTO BOJJOXPAHUIIAIIA
Table 3.1. Water resources feeding Akdarya reservoir
XapakTepucTuka Cpennuii rog MaJuioBoAHBII IO

(M. M)
C6pocs! u3 p. 3apadian 250 200
BBIKIIMHHUBAIOIAECS BOIBI 160 100
COpocHBIEC BOABI 180 130
NUTOI'O 590 430
Bomozabop 230 210
CTOK B CTBOpE IUIOTUHBI 360 220
Mc 11,4 7

Hcrtounuk: Y3nascysioiuxa, 2002r.

3.4. Kiaumar
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PaccmaTtpuBaemass TeppUTOpHsl pPACIONOKEHO B CYOTPONMYECKHMX MIMPOTaX U
MOJIOKEHNUE paiioHa B TIyOWHE KOHTHHEHTa OOYCIaBIMBACT 3aCYILIMBOCTH KiIUMaTra |
3HAYUTENIbHbIE aMIUIUTYIbl KojeOaHusi TeMieparyp. ['opHble CHCTEMbI, OrpaHHYMBAIOIIKE,
TEPPUTOPHUIO C ceBepa OOYCIIaBIUBAIOT MECTHBIE OCOOCHHOCTH KJIMMAara, U B YaCTHOCTHU
PEXHUM OCAJIKOB U BETPA.

[Ipu aHanm3ze METEOpPOJIOTMYECKUX JIIEMEHTOB, OIPEACIAIONIMX OCHOBHBIE YEpPThI
KJIUMaTa, WCIIOJIb30BaHbl JIaHHble HaOMIoAeHU 1o MereocTaHuusiM r.Karrakypran u
Karrakypranckoro Bojoxpanunumia [26, 60].

['omoBasi HOpMa OcCagKOB 3a MHOTOJIETHUH Tiepuop cocrtabisieT 282 Mm. bonee 90%
rOZI0OBOMl HOPMBI OCAJKOB BBHINAJaeT B MEPHOA HOsOpb-mail. B mepuon HIOHb-CEHTSIOPH
0CaJIKOB MpakTuiyecku He ObiBaeT. CyTouyHblit MakcuMyM 1% obecrieueHHOCTH COCTaBIseT 88
MM. Mcnapenue ¢ BOJHOW MOBEPXHOCTH IO JaHHBIM Habmogenuit mo Karrakypranckomy
BoJIoXpaHmuiy coctaBisger 1200 mm/ro.

3.5.  TBepaplii cTOK

B nmanmHoMm pasnmene paccMmaTtpuBaeTcsi OOLIMH PEXHM TBEPAOrO CTOKA PEKH B
€CTeCTBEHHbBIX ycnoBHsaX. OOmas xapakTepUCTHKa TBEPAOrO0 CTOKA pacCMaTpHBaeTcs IO
JAHHBIM HaOJI0IcHUH 110 cTBOpY Jymynu (ta6a.3.2) [60].

OCHOBHOH CTOK B3BEIICHHBIX HAHOCOB IMPOXOIMT B IEPUOJ anpeiab-CeHTAOPH (10 95%
OT TOJOBOT0) CPEIHEroJIOBOM CTOK B3BEIIEHHBIX HAHOCOB cCOCTaBisieT 4.4 MIH.T., TIpH
KOJIe0aHUSAX B 3aBHCUMOCTH OT BOAHOCTH roja 1,0 mo 8.2 MIH.T., HAUOOJIBIINKA CYTOUHBIH
CTOK HaHOCOB jocTHraer g0 5100 kr/cex. CpeaneronoBas MyTHOCTb coctapisier 0,87 Kr/m
npu amruMtyzae kosebanuit ot 0,86 mo 1,6 Kr/me, Habmronennass MakcumalibHass MyTHOCTb
cocraisier 12 kr/m® [60].

69



Tabmuna 3.2

XapakTepuCTUKH TBEPAOTrO CTOKA (B3BEIICHHBIC HAHOCH) p. 3apadiian ruapornoct Jymynu (CpeITHEeMHOTOJICTHHE TAHHBIC)
Table 3.2. Sediment and water discharge of Akdarya reservoir area

wa é -] é é -] 2
XapakrepucTHKa & g - = . . 3] & T = & I'on

5| 5| B |5 E £|E|E| £ ¢8|

[=%] %]

X | © = < = = = < O ) s =
5 %zg’f”" 383 (351|348 |501 |141 |335 |464 |375 |193 |857 |56,3 |444|154
E?Zi‘l’f B3BCLUCHHBIX HAHOCOB, | » 51 19381402 (153 |105 |288 |673 |476 |97 |84 |34 |27 |1386
1;17;?0“1” 0,07 | 0,07 | 0,117 | 0,289 | 0,532 | 0,842 | 1,43 | 1,30 | 0,497 | 0,096 | 0,058 | 0,10 | 0,10
ﬁJTIEKM%OI‘H’ 102 (837917 |137 |407 |871 |1240|972 |498 |[233 |150 |121 |4925
CTOK B3BCIICHHEIX HAHOCOB, | 25 | 578|108 39,7 | 2812 | 7465 | 1803 | 1275 | 251.4 | 225 | 881 |7.23 4371

TBIC.T.

Wcrounuk: Y3nascysnoiinxa, 2002r.
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3.6. TexHuuyeckHe XapaKTepPUCTHKH BOJOXPAHUIUIIA

TexHuueckuil NpPOeKT CTPOUTENBCTBA AKIAPPUHCKOIO BOAOXPAHUIIUINA OBl BBIIIOJIHEH
uHcTuTyToM «CamapkanarunpoBoaxo3» B 1980 r. u yrBepxkaeH muHuctpoM MC u BX
VY3CCP (npotokos Nel132 ot 3 mapra 1980 1.).

Bbbu10 penieHo cTpouTh BOJOXpaHWINLIIE 103TanHo Tadn.3.3 [57].

Tabmuma 3.3
OraIbl CTpOUTENbCTBA AKIAPbUHCKOTO BOJIOXpaHWINIIA
Table 3.3. Construction phases of Akdarya reservoir
T'on [TonHbINH 00bEM BOJIOXpaHUIIHUIIA OTMeTKa
npu HITY HITY
(MiIH. M) (m)
CTpouTeNnbCTBO
I-ouepens 1982 | 34 | 4878
Il-ouepenp
1-xoMmrIuIeKC 1985 50 489,0
2-KOMIUIEKC 1987 70 491,5
3-KOMIDICKC 1989 90 493,55
PexkoHncTpyKIus
| 2000 | 112,5 | 4945

Wcrtounuk: Y3nascysnoiuxa, 2002r.

CocTaB M XapaKTepUCTHKA COOPYIKeHUI

3emisiHas 1IIOTHHA. [I7OTHMHA BBINOJNIHEHA W3 TaJ€YHUKOBOIO I'PyHTAa C HAKJIOHHBIM
AIpoM K3 cyriuHka. Beicora motunsl 20 M. Hanop 16,5 M. JlninHa no rpeGHIO cOCTaBIIsET
930 M. AbcomoTHas otmeTka rpedHs 498.00 m.

JleBobGepexkHas namba. [l yBenwmueHust eMKOCTH BOJOXPAHMIIUINA BIOJIb HU3MEHHOTO
JeBoro OopTa BOJOXpaHMJIMIA MOCTPOEHAa JaM0a U3 CYIJIMHKA C KpEIUIEHHEM OTKOCOB
TQJIEYHUKOM M KeJie300€TOHHON OOJUIIOBKOW Ha BEPXOBOM OTKOce. BricoTa mamObl 7M.
JlnuHa o rpe6Hio coctanisier 6400M. AbconmtoTHas oTMeTka rpedHs 498.00M.

[IpaBoGepexkHas namba. [IpaBoOepekHas qamba U3 CyTJIMHKA ¢ KPEIJICHHEM OTKOCOB
TaJICYHUKOM M KeJe300eTOHHON OOJMIIOBKOM Ha BEpXOBOM OTKoce. Bwicota namObl 2 M.
Jmnaa no rpebHto coctaBisieT 530 M. AGcomtoTHas otMeTka rpedHs 498.00 m. B Tabn. 3.4
MIPUBEJICHBI IPOEKTHBIE JaHHBIE AKAAPbUHCKOI'O BOJOXPAHMIINIIIA.

Tabmuma 3.4

[TpoekTHbIE MapamMeTpbl AKAAPFUHCKOTO BOJIOXPaHIIIUIIA

Table 3.4. Design characteristics of Akdarya reservoir
HaumeHoBanue IToxkazaresnb HaumeHnoBanue IToxkazareb
[TonHeIi 00BEM 112,5 MITH.M> Otrmetrka OITY 496,7 m
Ilone3Hslit 00beM 110,0 MITH.M> Ormetka HITY 4945 m
MepTBBbIii 00bEM 2,5 MIH.M® Otmerka YMO 480,85 M
Cpenusis riryonHa 13,7m Tlromany — sepkana  npu 12,7 KM
HITY

[lnomane 3epkana npu 2 MaxkcumanbHas JUIMHA TIPU
VMO 3,5 kM HITY 8,5 kxm
MaxkcuManbHasi — IIUPHHA MakcumanbHas riryouHa
HITY 2,4 kM npy HITY 23,4 M

Hcrounuk: Y3nascysnoiuxa, 2002r.
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I'/TABA 4.
METO/IUKA 1 OBOPYIOBAHHUE

4.1. baruMeTpHuecKoii cheMKH Yamu Boaoxpanuiauia 6arorpagom CEEDUCER un
GPS-cucrembt

C 2001r. barumeTrpuueckuii ieHTp MuHcenbBox03a PecryOnmku Y30ekucran Hadam
UCIOJIb30BaTh HOBYIO TeXHUKY M oOopynoBanne CEEDUCER® aBcrpanuiickoit komMmanuu
Bruttour International Ltd mis pacyera o6bemMoB Bomoxpanmimil. Kak mokasana OmbIT, 3Ta
TEXHOJIOTHS TT0Ka3ajia XOpoIlue pe3ynbTaThl [58].

Ha CEEDUCER MOXHO WCKIIOUNTH HEKOTOPBIC BHJIBI T'€OJIC3HYECKHUX pPaboT U
WHCTPYMEHTBI, COCTABJISIFOIINX TPATUITHOHHYIO METOIHKY.

[IpenmyriecTBa HOBOM TEXHOJIOTHH:

HckimroueHne HeKOTOPBIX BUIOB I€0IC3MUECKUX padOT U HHCTPYMEHTOB;

e Jlna co3maHWs TUIAHOBO-BBICOTHOTO OOOCHOBAHHSI MOXKHO WCKJIIOYHTH TPUMEHEHHUE
TEOJIOJINTA U TATLHOMETPA;

e Jlpu co3gaHuM JOKAIbHOM ceTH O€3 OPUEHTUPOBAHUS KHIOMETPOBOW CETKH K
rOCy/IapCTBEHHOW CETKE JOCTATOYHO OJHOTO TeO0JIe3MYECKOr0 IYyHKTa, MMEIOIIEro
KoopauHaThl M OTMETKY. [Ipu momorm 6a3zoBoii cranumu B mosuimu «HERE» moxHO
noy4nTh koopaunatel B cucreme WGS-84 (World Geodetic System, 1984r.) u pa3suth
JIOKQJIBHYIO CETh JIJIsl 0OBEKTA B IIETIOM;

e VYMeHbIIIEHHUE Mepuo/ia 00CIeI0BaTENbCKUX padOT U YMEHBIICHHE 3aTparT.

CEEDUCER sBinsieTcst KOMIIAaKTHBIM MEPEHOCHBIM YCTPOHCTBOM, KOTOPOE COCTOUT U3
cnenyromux gacrei (puc.4.1) [66, 67]:

CEEDUCER
GPS-aHTeHHa
Jxonor-
AaT4UK
WcTtounuk: PyxoBojcTBO o PUMEHEHHUIO 6arorpada «CEEDUCERMY.

http://www.bruttour.com.au

Puc.4.1. O6opynoBanue «CEEDUCER»
Figure 4.1. Composition of CEEDUCER device
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1. Jatunka GPS 8- wnu 12-kaHanbHbIA, TOYHOCTH 2-3M (8-kaHanmbHbIN) win <Ilm (12-
KaHAJIbHBIN);
2. Hudporoii sxonor-mgaryuk (transducer)

e UYacroTta akyctuueckoro curtaia 2001 g

e Pamuyc neiictBus nzmepenus riayounst ot 30cm 10 99,99m

e Tounocts 0,02% oT U3MepsieMoii rTyOMHBI U pa3pelarolnas CriocoOOHOCTh 1-cM
3. BanuceBaromee ycrporictBo CEEDUCER ¢ mukpomporeccopom, ¢ TOMOIIBI0 KOTOPOTO
HACTPaWBAIOT U COXPAHSIOT: KoopAuHaThl mnpoeknuu B cucreMe WGS-84, ckopocth
3BYKOBOI'O CHTHAJIa aBTOMATUYCCKHM WJIM Py4Has HACTpoOiika, a Takke Benuuuny «drafty, T.e,
paccTosiHue MEX]y 3XO0JIOT-IaTYMKOM U BOJHOU MMOBEPXHOCTHIO. 3aIIUCHIBAIOIIEE YCTPOUCTBO
pabotaer 7,2 gaca.

Cucrema xoopauHar npoekiuun WGS-84 (datum) - maTymel Jiexxar B OCHOBE
IpOIeyphl NPEOOpa30BaHUS KOOPIUHATHBIX CHCTEM W KapTOrpadU4ecKux MPOCKIIHH,
reOMETPUUYECKUE CBS3U KOTOPBIX OIMpeAeNeHbl Yepe3 U3MEepeHue uiu Beuucienue. OaHa u3
KOMIIOHEHT ONpEACTCHUsST CUCTEMBbl KOOPJMHAT - OJUIMIICOWZ, WCHOJIB3yEeMBId IS
anmnpokcuMaiuu ¢popmel 3emiu [66, 67].

Ha puc.4.2 mnoka3zaHa KOMIOHOBKa OOOpYIOBaHUS, KOTOpash HCIIONb3YeTCs IS
IIPOBEICHUsT OaTUMETPHUYECCKON CheMKH dJarm Bogoema ¢ 6atorpadom CEEDUCER [58, 66,

67].

Komnonents:
AKYCTMYECKOID IX0N0Ta

rHe3a0 ans kabens

Kabens
nUTaHuA

MopraTuBHelil KOMNLIOTEP

Heroummx aneprun Ycravoeka aatyuka (Tpanaycep) Ha

-—— JamMTHEIA yTRap noTke

4 ronoeka Tpanaycepa
: Tpanaycep

Puc.4.2. Cxema KOMIOHOBKH 000PYIOBaHUS JIJIs1 OATUMETPUIECKONU CHEMKH
Figure 4.2. Mounting of GPS+CEEDUCER on floating boat

Heo6xoanMo 3akpenuTh AaTYMK-3XO0JOT Ha IUIaBAaTENbHOE CPEACTBO TaKUM 00paszoM,
9TOOBI MPOU3BOANTE 3aMep TIIYOWH M pacroyiokuTh aHTeHHy GPS BONHM3M M Hax TaTYNKOM-
9x0510TOoM (puc.4.3). PacnonokeHne naT4nKa-3Xxoja0Ta SBJISETCS BaXXHOW COCTABHOM YacTbIO
ruporpaguueckoro o0CIeJOBaHUS M PEKOMEHIYETCs pacloJIOKUTh €ro IO CepeluHe
IUTABAaTEJILHOTO CPEJCTBA Ul HAMMEHBIIIETO BO3ACHCTBHUS MOTOPA U TYPOYJICHTHOCTH BOJIBI.
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GPS-aHTenra

1- YacToTsl aKyCcTHYECKOND CHIHANA H3NYHAEMAR IXONOT-ABTIMKOM.-...,,

YpoBeHL BOAkI

Puc.4.3. Pacnonoxenue narymka-sxoiora u aureHssl GPS
Figure 4.3. Depth measurements by GPS and CEEDUCER

IIpn co3maHuMM JIOKaJIbHOM BBICOTHO-IIJIAHOBOM CETH OOBEKTa TOJIBKO JIOCTATOYHO
OJIHOTO TE€O0JE3UYECKOr0 ITyHKTAa, MMEIOIIEr0 KOOpAMHAThl MU OTMETKy. Ha 3ToM myHKTe
YCTaHABJIMBAEM C MTOMOIIBIO KOHTposibHOTO GPS-mpuemnnka 6a3oByro cranmmio [12, 14, 58].

VYcranoBuB 0azoByro craniuio «BASE RTK» Ha reonesmueckom myHkTe «OCTpoBY,
BBEJIM OTMETKYy 3Toro nyHkra B mno3ummu «HERE» m mpum momomm «RTK ROVER»
OTNpeNIeNIUAN KOOPAUHATHI JPYrMX 0a30BbIX TOUYEK, KOTOpble ObUIM BBIOpaHBI MpHU
PEKOTHOCIIMPOBKE, B AKAAPbUHCKOM BOJOXPAHWIHINE ObUIH OIpesesieHbl 3 6a30BbIX TOYEK.
Panunyc neiicTBus TenemMeTpuuecKord aHTEHHBI 7 KM [58].

CpaBHuBass W3BECTHbIE KOOpAMHATHl  (0a30BOM  CTaHIMM) C  HU3MEPEHHBIMH
KOOp/AMHATaMM, KOHTpoJbHBIH GPS-pueMHuK BbIpabaTbiBaeT TMOMpPAaBKH, KOTOpbIE
nepenaroTcs MoomisHOMYy niepenatauky «ROVERY no pagunokanay.

[TonpaBku, npuHATEIE OT 0a30BOM CTaHIIMM, aBTOMATUYECKH BHOCATCS B MOOMIIBHBIN
nepeaTuvK Ha IJIaBaTeIbHOM CPEACTBE, T/le MPOU3BOIATCS 3aMephl IIyOHH, T.€., OJy4yaeM
3HaueHus (X, Y) KoopaAuHarT.

TapupoBka naTyrka-3xoj10Ta MPOBOAMIIACK JABa pa3a, A0 MPOBEIACHHS OaTUMETPUUYECKOM
CBbEMKH U TOCJIE KAXJ0TO JHS W3bICKATeIbHBIX paboT (Tadm.4.1).

Tabmuma 4.1
Pe3YJ'ILT aTbl TAPUPOBKU AATUHUKA-IXOJIOTA
Table 4.1. Calibration of eco sounder in Akdarya reservoir

[Tokazanue mo [Tokazanue »xomorta (M) Cpennee
PYJICTKE 3HAa4YCHUC

(m) 1 2 3 (m)

3 2,99 3,01 3,02 3,01

4 4,01 4,02 4,02 4,02
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6 5,98 6,01 5,99 5,99
8 7,99 8,02 8,00 8,01
10 9,98 9,99 10,00 9,98
12 11,98 12,02 12,01 12,00
14 13,99 14,01 14,02 14,01
17 16,98 17,02 16,97 16,98
18 17,97 17,96 17,99 17,97
20 19,99 20,03 20,02 20,02

Wcrtounuk: barumerpuueckuii nentp, 2006r

daktuueckas u3MepsiemMas riyOMHa IUIfOC 3HaueHue draft BeruMTaroTCS OT ypOBHEH
BOJHOM OBEPXHOCTH U OMpE/EIiieM IIyOuHy.

Ha mecrax menkoBoauii, re HeBo3MoxHO pabora CEEDUCER wu3mepenus riyOuHbBI
BOJABl MPOBOJWINCH B PY4YHYIO, T.€., METPOBBIM IIECTOM. Ba)KHBIM MOMEHTOM SIBIISIETCS
MOJTyYCHHE PEIPE3CHTATHBHBIX TOUEK M3MEPEHUH B Mpeaenax BOJAbl. B HadaabHBIX CTBOpax
AKIapbUHCKOTO BOJIOXpaHWIMIA HAOII0JaeTCsl 3apacTaHue PacTUTEIBLHOCTHIO M Pa3MbIBBI
MpaBoro Oepera, rae MecTaMu 00pa3o0BaAIMCh KPYMHBIX oBparoB oT 10 mo 50 m [58].

[Tocne 3amepoB rayOuH, OBUTH MPOBEACHBI U3MEpPEHHUs KOOpAHHAT C¢ nomollsio GPS-
AQHTEHHBI 110 TIEPUMETPY BOJOXPAHMIIMINA Ha Oepery, MaKCUMaJIbHO MPHUOIMKEHO B BOJHOMN
JUHUM JJ 3aMbIKaHUs OOBEeKTa AJis1 pacuera oObeMa U IUIOMIaZel BoJOeMa C MOMOIIbIO
KommbioTepHO# nmporpammsl SURFER.

[lepBonayanbHas o00paOOTKa JaHHBIX MPOU3ZBOJUTHCS IMAKETOM IPOTrPAMMHOIO
obecnicuernss MiniCee®. 3HaueHHs KOOPIMHAT IMO3MIMOHUPOBAHUS OBUIM HMCIPABICHBI B
CHIIy HaOJI0/1aeMbIX aHOMaJHii, KOTOpbhIE BbI3BAaHBI MOTEpEl cHUrHala H3IydaeMoil 0a30Boit
craammeir GPS k wmoOwibHOMY ycTpoiictBy GPS, pacmonoxeHHOW Ha IIaBaTeIbHOM
CpeACTBE BBI3BAaHHOM TOMOrpaMUYEeCKUMHU YCIOBUSMH MECTHOCTH. 3HAY€HHMs KOOPIMHAT
HACTPaMBAJUCh ITyTEM WHTEPIOJSIUN Ha3aJ K CpelHedl Touke W3MEepeHHs, KOTopas
pacroyio’keHa MEXJy JABYMsI COCEHMMH TOYKaMH. 3HaueHHs TITyOMH Takke HCIPaBIIsIMCH
MyTEeM HMHTEPIIONSIUKN Ha3ad K CpeTHEed TOUYKe, pacIoNOKEHHAs MEXIY IBYMS COCEIHHMHU
TOYKaMH, T/ie HaOMo1anuch anomanuu [58].

Ha puc.4.4 nokazaHo cocrosiHMe AKIApbUHCKOIO BOJOXPaHWIUINA U TPACKTOPHS
3amepa riyouH ¢ nomoursio 6arorpagpa CEEDUCER B 2003r.
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p. Akaapba

O6Banei npaeoro Gepera

YpoBeHb BoAbl, 2003r.

BeperoBas NMHUA
BOAOXpaHUnKWa, 2003r.

TpaekTopua 3amepa ryoun
(CEEDUCER) 2003r.

Puc.4.4. Cocrosinrie AKIapbUHCKOTO BOJIOXPAHIIIUIIA U 3aMep TITyOuH

Figure 4.4. Data measurements with bathymetric system CEEDUCER and current conditions

of Akdarya reservoir in 2003

4.2. Teocrarucruyeckuii Meroa pacyera o0beMa BOJAOXPAHWJIHMILA MPOrpamMMoit

SURFER

BapuorpammHuoe MoaempoBanme

BapuorpammHoe MozenupoBaHHE MPEACTaBISET COOOM pacyeT SKCIEepUMEHTAIbHOMN
BapHOTpaMMbl U3 JaHHBIX U 1MOAOOpa MOJIENIM BapuOTPaMMBbl K 3TUM JaHHbIM. Bapuorpamma
XapaKTepU3yeT MPOCTPAHCTBEHHYIO HEMPEPBHIBHOCTh WJIM IIEPOXOBATOCTh (IIyM) B JaHHBIX

[73, 84].
DKCrepuMEHTAIbHYIO BApHOIPaMMy pacCUUTHIBAEM T10 cleayromen GopMyIioi:

i = 3 log)-2x)?

h x]-—xizh

rac

y(h) — nByxmepHsIii rpaduk n/umm GopMyna oNUCHIBAIOMIEH 0XKUAAEMbIE CPEIHHE Pa3HOCTU
3HAYeHUH MEXIy IapamMH BBIOOPOK MPU ONPEIETCHHOM MTPOCTPAHCTBEHHOM PACIIONOKEHUH U

na paccrosianu (h), (M%)

h — pacCcTodaHruC MCXKAY ABYMS NUCKPCTHBIMHU TOYKAMU U3MCEPCHUS, KOTOPBIC UCIOJIB3YHOTCA

JUIS. BBIYMCITICHUS TUCTIEpCcUH (M),

N — KOMUYEeCTBO Map U3MEPEHUI BEIUYHH ,

Z — MHTEPECYIOIas BeJIMYMHA WK aTPUOYT TaHHBIX,

I ¥ i-h — MHIEKC COOTBETCTBYIOIUX BETUYMH JBYX U3MEPEHHI HAa paccTOsTHUU N,
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Mogens BapuorpamMMbl BBIOMpacM M3 OOIIEH3BECTHBIX MaTeMaTHMUYECKUX (DYyHKITHA
(;uHelHas1, norapudmuyeckas, MokaszaTellbHasi, KBaJpaTUyHasi U Jp.), KOTOPbIE ONUCHIBAIOT
MIPOCTPAHCTBEHHBIE B3aUMOCBs3U. COOTBETCTBYIOIIAsi MOJENb BapUOTpPaMMbl MOJOMpaeTCs
myTeM TIpapuuecKkoro aHaiau3a K (opMe KpHBOM HKCIEPUMEHTAIbHON BapuOrpaMMbl U
M3y4aeM aHU30TPONHS B Pa3IMUHbBIX HampaBiieHusx (puc.4.5) [64].

Yi

a — AnanasoH BNUAHWA BbiIDOPKM U3MEpPEeHWA, T.e., paccToaHue npu
KOTOPOW He CylwecTeyeT Koppenauynunm Mmexay naMmepeHuaAMu,

C — 3HayeHue aucnepcun y, rae pyHKUMA BbipaBHUBAETCA Ha3biBaeTcs
«sill» Bapuorpammbil.

Puc.4.5. Chepuueckas Mozieib BapuorpaMmbl
Figure 4.5. Spherical variogram model

Cdepuueckyro MoJielIb BApHOTpaMMbl pacCUUTBIBaEM (hopMyIioit
3h  he
y(h)=C(—- ),h<a
2a

23° (4.2)
y(h)=C,h>a

rae

y(h) —mucnepcuro oxupaeMbIX pasHOCTEH 3HAUYEHUI MEXIy HapaMu BBIOOPOK TIIyOMH Ha
paccrostauu h (M?);

h — paccrosiHue MEKIY IBYMs TUCKPETHBIMUA TOYKAMHU U3MEPEHHS (M);

a — IUara3oH BIHSHUS BBIOOPKHU (M);

C — 3Ha4YeHUE OHUCIEPCHH ¥, TAe QYHKIHs BEIPABHUBACTCS (Mz).

CymiecTBeHHBIM ()aKTOPOM TMPH TOCTPOSHUHM CETKU JaHHBIX SIBIISIETCS CTENEHb
TOYHOCTH OTpPa)XEHHsI UCXOJHBIX JTAaHHBIX B paccunTaHHOU ceTke. [lo sTomMy mpusHaky Bce
MHTEPIIOISITOPHI OAPA3AEISAIOTCS HA Celaxicusaoujue u modHule.

Cenasrcusarowjue VHTEPIIONATOPHI PABHOMEPHO paclpenessitoT (akTopbl Beca MEXAY
TOYKaMH M, COOTBETCTBEHHO, NPOU3BOAAT Oojiee pOBHbIE MOBEepXHOCTH. CriakuBaroliye
MHTEPIIOISATOPl  OOBIYHO MNPHUMEHSIOTCSI B TEX Cllydasx, KOrJa B MCXOJHBIX JaHHBIX
MPEIoIaralTcs OIMOKHN UM e JaHHbIe paciipe/ieIeHbl HEPaBHOMEPHO.

Tounble WHTEPHONATOPHI INpHCBauBalOT Bec 1.0 TOJNBKO TEM MCXOIHBIM TOUKaM,
KOTOpbIE IIOMAJAl0T TOYHO B SUYEHWKYy CETKH. YMCHBIICHHE pa3Mepa S4YEeHKU B
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paccuuThIBaEMOM ceTKe 00ecneunBaeT OONBIIYI0 BEPOSITHOCTh COBIAICHHS TOPU30HTAIBHBIX
KOOpJIMHAT HCXOJHOTO 3HAUEHUS U SYEUKH, YTO TapaHTHPYEeT MAaKCUMAJIbHYIO TOYHOCTh
OTpaKEHUsI UCXOHBIX JaHHbIX [81].

Hamu Op1na pa3zpaborana pykoBoACTBO 1o npuMmeHeHuto nporpammbel SURFER-7, rae
MOJPOOHO OMHMcaHa IOCIEA0BATEILHOCTh PA0OTHI C TMPOrpaMMoOW JUIis pacdyera oObema
BojoxpaHwiuia (cM. npwioxenue 3) [12, 14]. B aTom pasnene ocTaHOBHUMCS Ha OCHOBHBIX
JTamnax, ¥ 00CYKIalTCs BAKHBIC aCIIEKThI pacuera (puc.4.6).

CosgaHue darna gaHHblx

BapuorpaMmMHoe MogenvpoBaHne

Co3aaHue CeTKU

Co3paHue KOHTYpPHOW
BaTUMEeTPUYECKON KapThl

BrnaHknpoBaHue

Pacuet obbema n nnowagu
BOAOXPaHWUN1LLA

MocTpoeHne KpUBOW 06HLEMOB U
nrowagen

v

Puc.4.6. Dransl pacuera 06bemoB B nporpamme SURFER
Figure 4.6. Steps for calculation of reservoir volumes by SURFER

1. Co3nanme ¢aiina gannpix X-Y-Z. ®aiin ganasix X-Y-Z I0KEH cofepXaTb MUHUMYM
TpU cTOJOLa co 3HadeHHssMH KoopauHaT (X, Y) u rinyouns! (Z). PekomeHayeTcss BHOCUTH
3HAQYEHMS JTaHHBIX T10 CIIEAYIOIIEH TMOCIe0BaTeNbHOCTH, X-3HAueHus, Y-3HauYeHUs U Z-
3HadyeHus. [Iporpamma SURFER npunumaer 3Ty mocnenoBaTenbHOCTh MO YMOJIYAHUIO MPU
pacuerax. [Ipu coxpanenun QPaiina Janupix HeoOxoaumo BeiOpate Golden Software Data
(*.dat) u3 criricka BO3MOKHBIX TUIIOB (DaiioB.

2. Bapuorpammuoe MoaeaupoBanme. OJHOM W3  caMBIX  BaXHBIX  dYacTel
r€OCTaTUCTUYECKOTO aHAJIM3a SBISETCS pacueT HKCIEPUMEHTANbHOM BapHOrpaMMBbl U
n3ydeHue aHuzorpormu. I[loaTomMy, 3TOT acmekt TpebyeT ocoOeHHOro BHUMaHWs. st
CO3JIaHUsl JKCIIEPUMEHTaJIbHOM Bapuorpammbl (Variogram) HeoOXoauMo BHIOpaTh paHee
co3faHHblil (ain maHHbiXx X-Y-Z. 3aTeM HacTpamBaeM MapameTrpbl variogram, T.e., miar
Hanpasnenus: «lag directiony», oneHounyro QyHKIMIO «eStimator type», MakCHMabHBIN IIar
paccrosiHus «max lag distance», konuuectBo maros «number of lags», mmpuny mara «lag
widthy, n BepTuKanbpHYFO mKamy «vertical scale».

C momompio omiuu «Lag Direction» paccmaTpuBaeM BapuorpaMmy B Pa3iHUHBIX
HanpasieHusx. EAuHuIbl n3Mepenus HanpasieHus: 0° B HampaBiICHUU MOJOXKHUTEIbHON X-
ocH, 1 90° B HaNpaBJIECHUU TTOJIOKHUTEIBHON Y -0OCH.

[Ipu co3ganuu MOJENu BapuOTrPaMMBbl, HEOOXOAUMO PACCMOTPETh 3KCIIEPUMEHTAIBHYIO
BapUOTpaMMy M MaTeMaTHuYecKyl0 (YHKIMIO BO MHOTMX HampasieHusx. IIporpamma
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SURFER 7 mo3BonsieT wuccieqoBaTh BapuorpaMMy BO MHOTHX HAalpaBJICHUSX [IaroM
HarpaBJieHUs B aHUMUpoBaHHOM Buje. Tak kak, mporpamma SURFER 7 ucnonb3yer meron
BapUOrPAMMHOW CETKH, KOTOpPasi MOXKET BBIYMCIIATH U MCHOBEHHO BBIYCPUUBATH JUATPAMMY.
C mnomoipio ommuu «Step Amount» yTouyHseM HHKpPEMEHT Inara HamparieHus B «lag
Direction» xaxzplit pa3, koraa HaxxuMaeMm Ha kHonku «Step CW»y» nim «Step CCW».

C nomomrsio omun «Max Lag Distance» omnpenensieM AIuHy Iara pacCcTosHus Ha X-
ocu. 3Hauenne B onuumu «Max Lag Distance» yxke omnpeaeneHo NHpPU CO3/IaHHHU CETKU
Bapuorpammbl (New Variogram) mist orpaHu4eHuss MAaKCUMAIbHOM JUTMHBI Pa3IeICHUs PU
UCCIIEIOBAaHMSIX.

C nmomomero onmuu «Number of Lags» ompenenseM KOJHYECTBO HCIOJIb30BAHHBIX
(BBIYMCIICHHBIX M HAHECEHHBIX Ha JUarpamMMy) TOYEK JUIS MOCTPOCHUS 3KCIEPUMEHTAIBHOM
BaprorpamMmMbl. KoJlm4ecTBO TOUEK COCTABIISET 25 MO0 YMOITYAHHIO.

Heo0xo01uMo BBIKITIOUNTH OTMETKY «AUtOy», 3HaueHue B omun «Lag Widthy, kotopas
AaBTOMATHYECKH MPUPABHUBACT YKCIIOBOE 3HaueHue B omiun «Max Lag Distance» menennoe
Ha yucino «Number of Lags». Hanpumep, ecnu BBectr umcioBoe 3HaueHue 100 B omuuio
«Max Lag Distance» u umcimoBoe 3Haucame 5 B omuu «Number of Lags», Torma
aBTOMAaTHYECKH 4YKMCiIoBOe 3HaueHue B onmmu «Lag Widthy 6yner 100/5=20. B stom ciydae
nepBasi TOUKa JUarpaMMbl OyJIeT BKIIFOYATh BCE Maphbl TOYEK C 1marom pacctosiaus ot 0 no 20
M. Bropas Touka quarpamMMbl OyeT BKIIFOYATh BCE MAPhI TOUYCK C MIaroM pacctosiHus ot 20 10
40 m. UnrepBansl paccrosHuii ot 0 1o 20, ot 20 go 40, ..., ot 80 go 100; mpu 3TOM HE
npoucxoauT nepekpeitue. C momorpio oniuu «Lag Width» ucnosb3yem mis criaxuBaHus
BapHOTPAMMBI.

C mnomompeio ommmu «Vertical Scale» ompenensem pasmep (mHy) Y-ocH
BapuorpamMmMbl. [Ipy BBIIOJIHEHHHM WIArOBOTO pacyera C HCIOJIb30BAaHHMEM KHOMOK «Step
CCW» mmm «Step CW» BepTukanbHas IIKajda W3MEHsETCS NpH Kaxaom miare. [lpm
OTKJIFOUSHHU OTMETKH «AUtO», BEpTHKaIbHAs IIKajda OCTAETCS MMOCTOSHHOM, T. €., YACIOBOE
3HAYCHHE HE U3MCHSTCSL.

C momomreio Tabynsropa «MODEL» B nmuamoroBom okhe Variogram Properties
yYCTaHABIMBAaEM MOJICIb BapuOrpaMMbl M €€ mapaMmeTphl. Pacuer SKCHeprUMEHTaIbHOW
BapUOTpaMMbl U3 T€HEPAIbHOW COBOKYITHOCTH JIaHHBIX, SBJISIETCS OSCCIIOPHBIM ITyTeM IS
OTIpeJIeJIEHUs] BAPUOTPAMMHON MOIEIIH.

B nmporpamme SURFER cymectByer 10 o6mux maremarnyeckux ¢(ynxuuii: Nugget
Effect (Oddexr Camoposmka), Spherical (Chepuueckas), Exponential (IToxazarenbHas),
Linear (JIumeitnas), Gaussian (T'ayccoBo), Wave (Hole-Effect) (Bomnosas), Quadratic
(KBagpatuunasi), Rational Quadratic (PaumonansHo kBagpartuunasi), Logarithmic
(JIorapudmuueckast), u Power (Crenennas).

3a WCKJIIOYCHHEM BapuOrpaMMHBIX Mopesed Linear, Logarithmic, and Power (y
koTopbix HeT «Sill»), mapamerpsl mkaner «Scale parameters» (o6o3HauaroTcst OykBoi «C» B
YpaBHEHUSX  BapuoOrpaMMmbl) — ompenensioT  «Sill»  amas  BbIOpaHHBIX  KOMITOHEHTOB
Bapuorpammbl. Takum oOpaszom, «Silly Bapmorpammer cocrout u3 3ddekxra camoponka
(Nugget Effect) m mmoc cymma mapamerpoB mikamsl «C». Bo Muormx ciyuasx, «Sill»
BapUOTPaMMOM MOJIETIH PaBHA TUCTIEPCUH HAOTIOIAaMBIX TAHHBIX.

C mnomompio mapamerpa «Length (A)» ompenmensem, kak ObICTPO yOBIBACT WK
BO3pacTacT KOMIIOHEHTBI BapHOTPaMMbl C BO3pacTaHHMeM miara paccrosHus. Jls
maremarndeckux (ynkuuii Spherical u Quadratic, mapamerp «Length (A)» u3BecTeH Kak
JMana3oH BapHOTPaMMBI.

Kone4ynbim pe3yJIbTaTOM BapUOrPaMMHOTO MOJICTTUPOBAHHS SBJISIETCS
IKCTIEPUMEHTAIbHAS BapuorpaMMa U MaTeMaTHdeckast ()yHKIUs Ha OJHOW Tuarpamme.
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3. Co3nanusi daiina cerku. Ilocie BapuOrpaMMHOTO MOJEIMPOBAHUS HEOOXOAUMO
paccuuTaTh CETKY Ui THOCTPOEHHUs OaTUMETPUYECKOW MOJENM Yallk BOJAOXPaHWIMILA C
noMouibio uHTepnoistopa Kriging. daiin cetku umeer pacmupenue [.GRD].

4. Co31aHne KOHTYPHOUl OaTuMerpuyeckoil kaptbl. KoHTypHyI KapTy co3gaeM Ipu
nomoinu ¢aiina cerku Akdaryadata.grd (puc.4.7). daiin coxpanen ¢ pacimperueM [.SRF].
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Puc.4.7. KontypHas kapta AKAapbUHCKOIO BOJIOXPaHWINIIA
Figure 4.7. Contour map of Akdarya reservoir bottom conditions

5. BrankupoBanue (blank). C momormpto omimu Blank ypansem HeHy)KHbIE y3IIbI
CETKH B MECTax 3a Tpe/IesiaMi aKBaTOPUH BOJOXPAHIIHIIA ITyTEM CO3JaHusI Kojia OJIaHKa JIJist
ONpEeJIeNICHHBIX IPYII B OaHKe (aiina ceTku. braHKupoBaHHbBIE CETKU COEPIKAT Y3IIbl CETKH
0 TIEPUMETPY BOJOXPAHIIIHIIA M TE KE MAKCUMAIbHBIC 1 MUHUMAIbHbBIE KOOPIUHATHI, YTO
B opuruHaie (aiina ceTku KOHTYpHOW KapThl. biIaHKHpOBaHHE OTMEYaeT 30HBI CETKH I
KapThl C «OTCYTCTBHEM JaHHBIX». B OIaHKUPOBAaHHBIX 30HAX CEeTKU: a) KOHTypHBIC JIHHUU
OTCYTCTBYIOT, 0) OOBEMBI U IJIOIIAIN 3epKajia BOAbI HE PACCUUTHIBAIOTCS.

['panuiipl GraHKUpPOBaHUS OMPENIETISIOT TPAHUILY ITEpUMETpa BogoXpaHmmiia (puc.4.8).
brnankupoBaHne MOXeT OBITh YCTAQHOBICHO KaK BHYTPH TaK M CHApYKH TPaHUIBI
OJIaHKUPOBAHMUS.
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Kon-Bo 3Hauenunit
KOOpJIMHAT

0 — BHYTpH IepuMeTpa
BOJIOXPaHUIIMILA

Puc.4.8. ®aiin O1aHKUPOBAHUS ONMPEACIISIONINX TPAHUILY IIEPUMETPA BOJTOXPAHUITHINA
Figure 4.8. Screenshot of blanking for boundary conditions

@aiin 6nanka nmerot pacmmpenue [.BLN] u equHUIBI H3MEpEeHUsT YUCIIOBBIX 3HAYCHUN
XY- KOOpIMHAT SIBJISIFOTCS OJHUMH U TE€MH K€, 4TO U B (haiine ceTku. 3aKOHYEHHBIA BUJ
0aTUMETPUYECKONH KapThl BOJOXpPAHWIHINA C Pa3MEIICHHEM IIONEPEYHUKOB IIOKa3aH Ha
(puc.4.9).

¥ Surfer . [Blank.srf]
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Puc.4.9. barumerpuueckas kaprta AKIapbUHCKOTO BOJIOXPAaHMWIIUIIA
Figure 4.9. Bathymetric map of Akdarya reservoir bottom conditions

6. Pacuer o0bema u miomaau Bogoxpammimma. C nomomsio komanael Grid[Volume
IPOBOAMM pacueT 00beMa W IUIOMAId BOJOXPAHWIIMINA IPU Pa3IMYHBIX aOCOIFOTHBIX
OTMETKaX, U CTPOUM KPHBBIE 0OBEMOB U TUIOIIAJICH.

Jlnst pacdyeta oObeMa | IUIONIAAH, 0003HaAUYaeM aOCOIOTHYIO OTMETKY B sSTYEHKE OMIIUU
«Constant» mis mapamerpa BepxHeil moBepxHocTr «Upper Surface» m ykaspiBaeM Ha (aiin
cetku B siueiike ommmu «Grid File» mist mmwkae# mosepxHocTr «Lower Surface». Pesynbrats
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B omumu CUT & FILL VOLUMES-> Positive Volume [Cut] yka3eiBatoT 00BeMbI
BOJOXpaHWIMIIA. /{1 onpenenenus miomaan BOIHON TOBEPXHOCTU UCIIONIb3YEM PE3YIIbTAThI
B orimn AREAS -> Positive Surface Area [Upper above Lower] (puc.4.10).

* Surtur - [Hiask 311 = [8{X)

: ilicy

s s EEK) @

Fle Edt 3

GG THE. i =]

Grid size as read: 389 cols by 239 rows =
Delta X: 20.0051546392 .

Delta Y: 20 -

X-Range: 274000 o 281762 le

o

Y-Range: 4428722 10 4433462
Z-Range: 476.428393359 to 495.16¢

VOLUMES
Approximated Yolume by
Trapezoidal Rule: 937176118716
Simpsen’s Rule: INTT/HNZ
Simpsen's 38 Rale: 93168781327

Pos: Al 93721688.5951
Negative Volume [FIN]; 407672351307
Cut minus Fill: 937176118716

AEAGACRARARANOBERASE

AS
Packthor Pianar deen b

[ %

U R P TP PR B P T T 11

~
-

Puc.4.10. O6bembl ¥ moma m AKAapbHHCKOIO BOJOXPAaHHIIUINA
Figure 4.10. Akdarya reservoir volume and surface area
BriBoABI IO YeTBEPTOI I71aBe

1. CrpoutenscTBO BogoXpaHWiIMI] Hayanoch B 1940 rr. B PecriyOnuke u OONMBIIMHCTBA MX
HUX YK€ OJKcIulyatupyroTcss Oonee 25-30 ner. HaOmiomaercst moTeps eMKocTel
BOJIOXPaHWJIMII IPOLIECCY 3auieHHs U B Orpkaiiiiee Oyayiiee OyayT NOTEpSHbI MEPTBBIE
00BEMBI.

2. Wcnonb3oBanne HOBOH TexHoimoruu CEEDUCER mno3BoisieT HCKIIOUYUTH HEKOTOPHIE
BUJIBl TEOJE3NYECKHe pabOThl TPU CO3JAaHHH ITUIAHOBO-BBICOTHOTO OOOCHOBAHHS ISt
00BEKTa U YMEHBIIUTH MIEPUOJT U 3aTpaThl Ha OATUMETPHUECKOE 00CIIEIOBaHUE.

3. TeocraTucThdeckwii METOJ TIO3BOJSET aBTOMATHU3HPOBATh KaMEPaTbHYI 0O0pabOTKY
JAHHBIX TPU CO3/IaHMM HEMPEpHIBHOW OATUMETPUUECKOM MOJENH Yalll BOJOXPaHUIIUIIA
Y TIPOBECTH pacueT 00beMa BOJIOXPaHHIIHUINA.
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I'/IABA 5.
PE3YJbTATHI HATYPHBIX U YUCJIEHHBIX UCCJIEJOBAHUM

5.1. Pe3yJbTaThl HATYPHBIX HCCIE0BAHUI

AKJTapbMHCKOE BOJOXpaHMJMILE Obula BeleHa B dKciulyatauuio B 1983 romy. B
Tabn.5.1 mpexncrtaBieHbl  KOOPAMHATBI  00bEMOB  AKJApbMHCKOIO  BOJOXPaHMIIMILA
(mpoektHbie). B 1996r., nactutyrom «CamMapKaHATHIPOBOIX03» OBLIM BBIOJHEHBI PaOOTHI
[0 OIPENIENICHUI0 3auIeHUs] AKJAapbUHCKOIO BOJOXpaHWIUIIA mocie 14 jer skcrryaTauuu
[50] (Tabn.5.2).

B 2003r., noBropHast OaTMMeTpuyecKas ChbeMKa BOJOXpAaHWIMINA ObUla BBIIOJIHEHA
«baTuMeTprUUYECKUM LIEHTPOMY C UCIIOJIb30BAHUEM COBpEMEHHOM TexHooruu [58] (Tabmn.5.3).
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Table 5.1. Volumes of Akdarya reservoir in 1982 (design stage)

Tabnuia koopauHaT 00HEeMOB AKIAPHIHCKOTO BOJOXPAHMITUIIA

(ITpoextrast) 1982r.

Tabmuna 5.1

Aodc.
0TMETKA O6bem (MirH.M°)

(m)

0 10 20 30 40 50 60 70 80 90
477 0 0,05 0,1 0,15
478 0,20 0,25 0,30 0,35 0,40 0,50 0,55 0,60 0,65 0,70
479 0,75 0,80 0,85 0,90 0,95 0,98 1,0 1,15 1,25 1,35
480 1,45 1,60 1,70 1,85 2,0 2,15 2,30 2,40 2,50 2,65
481 2,80 2,95 3,0 3,50 3,75 4,0 4,25 4,50 4,75 5,0
482 5,25 5,50 5,75 6,0 6,50 6,75 7,0 7,50 7,75 8,0
483 8,50 8,75 9,0 9,50 9,75 10,0 10,50 11,0 11,50 11,75
484 12,0 12,50 13,0 13,50 14,0 14,50 15,0 15,50 16,0 16,50
485 17,0 17,50 18,0 18,50 19,0 19,50 20,0 20,50 21,0 21,50
486 22,0 23,,0 23,50 24,0 25,0 26,0 27,0 27,50 28,0 29,0
487 29,50 30,0 31,0 31,50 32,0 33,0 33,50 34,0 35,0 36,0
488 37,0 37,50 38,0 39,0 40,0 41,0 42,0 43,0 43,50 44,0
489 45 46 47 48 49 50 51 52 53 54
490 55 55,5 56 57 58 59 60 61 62 63
491 64 65 66 67 68 69 70 71 72 73
492 74 75 76 77 78 79 80 81 82 83
493 84 85 86 88 89 90
494

Uctounuk: CaMapkaHaArunpoBoaxos, 1976r.
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Tabnuua xkoopauHaT 00bEMOB AKIAPHHUHCKOTO BOJOXPAHMIIUIIA

[Ipunstas nocne 14 ner skcryatanuu ¢ 1.05.1997
Table 5.2. Volume of Akdarya reservoir in 1997

Tabmuna 5.2

AOcon0THasA
0TMETKA O6bem (MurH.M°)
(M)
0 10 20 30 40 50 60 70 80 90

477 0 0,001 0,002 0,003 0,008 0,013 0,018 0,023
478 0,028 0,033 0,038 0,042 0,047 0,052 0,068 0,085 0,101 0,118
479 0,134 0,162 0,19 0,218 0,246 0,274 0,318 0,362 0,405 0,449
480 0,493 0,59 0,688 0,785 0,883 0,981 1,078 1,176 1,273 1,371
481 1,469 1,648 1,828 2,007 2,187 2,367 2,546 2,726 2,905 3,085
482 3,265 3,535 3,805 4,075 4,345 4,615 4,855 5,155 5,425 5,695
483 5,965 6,32 6,674 7,028 7,383 7,737 8,092 8,446 8,8 9,155
484 9,509 9,947 10,386 10,829 11,262 11,7 12,139 12,577 13,015 13,453
485 13,892 14,435 14,979 15,523 16,066 16,61 17,154 17,697 18,241 18,785
486 19,328 19,979 20,629 21,279 21,93 22,58 23,23 23,881 24,531 25,181
487 25,832 26,581 27,331 28,081 28,831 29,581 30,331 31,08 31,83 32,58
488 33,33 34,168 35,007 35,846 36,684 37,522 38,361 39,2 40,038 40,876
489 41,715 42,611 43,507 44,403 45,299 46,195 47,091 47,987 48,883 49,779
490 50,675 51,571 52,467 53,363 54,259 55,155 56,051 56,947 57,843 58,739
491 69,635 60,531 61,427 62,323 63,219 64,115 65,011 65,907 66,803 67,699
492 68,595 69,491 70,387 71,283 72,179 73,075 73,971 74,867 75,763 76,659
493 77,555 78,452 79,349 80,246 81,143 82,032 83,997 83,834 84,731 85,628
494 86,585

Uctounuk: CaMapkaHaArunpoBoaxo3, 1996r.
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Tabnuia koopauHaT 00HEeMOB AKIAPHIHCKOTO BOJOXPAHMITUIIA

[Tpunsras nmocne 24 net skcruryararuu ¢ 10.03.2003

Table 5.3. Volumes of Akdarya reservoir in 2003

Taomuua 5.3

AOCOMIOTHAA
OTMETKA O6bem (MiIH.M°)
(M)
0 10 20 30 40 50 60 70 80 90

477 0,003 0,004 0,006 0,007 0,008 0,010 0,011 0,012 0,013 0,015
478 0,016 0,031 0,046 0,061 0,076 0,091 0,106 0,121 0,136 0,151
479 0,166 0,212 0,258 0,305 0,351 0,397 0,443 0,489 0,535 0,582
480 0,628 0,726 0,824 0,921 1,019 1,117 1,214 1,313 1,410 1,508
481 1,606 1,771 1,935 2,100 2,265 2,429 2,594 2,759 2,924 3,088
482 3,253 3,471 3,689 3,907 4,125 4,343 4,560 4,778 4,996 5,214
483 5,432 5,751 6,071 6,391 6,711 7,031 7,350 7,670 7,989 8,309
484 8,629 9,042 9,455 9,868 10,281 10,694 11,107 11,521 11,934 12,347
485 12,760 13,240 13,720 14,200 14,680 15,160 15,640 16,120 16,600 17,080
486 17,560 18,130 18,711 19,286 19,862 20,438 21,014 21,589 22,165 22,740
487 23,310 24,006 24,696 25,386 26,076 26,766 27,456 28,150 28,836 29,526
488 30,210 30,978 31,739 32,501 33,262 34,023 34,785 35,546 36,307 37,069
489 37,830 38,651 39,471 40,292 41,110 41,934 42,755 43,575 44,396 45,217
490 46,038 46,928 47,818 48,708 49,598 50,488 51,378 52,268 53,158 54,048
491 54,938 55,919 56,901 57,882 58,864 59,845 60,826 61,808 62,789 63,770
492 64,752 65,794 66,836 67,877 68,919 69,961 71,003 72,045 73,086 74,128
493 75,170 76,309 77,448 78,587 79,726 80,865 82,004 83,143 84,282 85,421
494 86,560 87,883 89,205 90,528 91,850 93,173

Hcrounnk: batumerpuueckuit nentp, 2003r.
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B T1abn.5.4 mupuBeneHs
9KCILIyaTaI[iy BOIOX PAHHIIUIIA.

Table 5.4. Volume and surface area of Akdaya reservoir — historical datasets

pe3yabTaThl

oOClleZIOBaHUI Ha pa3jIMyHbIE TEPHOMIBI

Tabmuma 5.4

O06bBeM u TUIoNIaab 3epKajia BOAbl AKIapbUHCKOTO BOJIOXPAHIIIUIIA

IIpu HITY IIpu YMO
[Tonub1ia [Tmomans [Tone3nsrit MepTBbIit [Tmomans
00BeM, 3epKaiia, 00BeM, 00BeM, 3epKaiia,
MITH. M° KM MIH.M MIH.M KM’
IIpoexTHbII
(1982r.) 112,5 12,7 110 2,5 3,5
1996r. 100,7 11,67 98,5 2,2 1,64
2003r. 93,17 13,97 91,71 1,46 0,92

AHanu3 TUHAMHUKHU 3auJieHUus] AKIapbUHCKOTO BOJOXPAaHWJIMINA ObLT pa3[esieH Ha JBa
nepuoga. 1) [lepuon ¢ 1982 no 1996rr., 2) Ilepuon ¢ 1997 no 2003rr.
[Tepuox 1982-1996rr. (15 ner).

Kax BugHOo n3 Ta0i1. 5.4, moaHeli 00beM 3amiaeHnus coctaBuia 11,8 MirH. M3, T.€., 00bEM
cokpatmiics Ha 10,5%; miomans 3epkana BOAOXpaHWINILA yMeHbIIMIAach Ha 1,03 KMZ, T.€., Ha
8%; momne3Hblii 00beM cokparuics Ha 11,5 MJIH.MS, T.e., 10,5%; a MmepTBBIE 00BEM
cokpatuics Ha 0,3 s’ (12%) mpu HITY. ITpu YMO momane 3epkana BOJOXpaHHIUIIA
cokparmnachk Ha 1,86 km? (53%).

[Tepuon 1997-2003rr. (7 neT).

Kak BugHo u3 Tabn. 5.4, mojaHelii 00beM 3aMJIEHHAST COCTABMII 7,5 MIIH. M3, T.e., 00bEM
cokparuics Ha 7,5%; Tuiomans 3epkaiga BOJOXPAHUIIUINA yBeNWYHIach Ha 2,3 kM, T.e.,
iouaap yBenuuuiack Ha 16,5% 3a cuer pa3MbiBa mpaBoro Oepera, rjie MECTaMH pa3MbIB
coctaBusl 10-50M ¢ oOpazoBaHHEM KPYIHBIX OBparoB; MOJIE3HBIH 00beM cokpaTuics Ha 6,79
MIH.M?, T.e., 6,9%; a MepTBBIi 06beM cokparmics Ha 0,74 mn.’ (33,6%) npu HITY. Ilpn
YMO nnomaae 3epkana BOJOXpaHWIHNIIA coKpaTuiack Ha 0,72 KM (43,9%).

MaxkcumanbHas riiyouna npu HITY no npoexktHeiM gaHHbIM Oblna 23,4 M, HO B 2003r.,
9Ta BeIMYMHA cOocTaBWia Bcero nuiib 18,11 M. MoXXHO IpeanonoKuTh HapacTaHWe THA Ha
0osee 5 M, 4YTO CBUAETEIBCTBYET 00 aKKyMYJISILIMM HAHOCOB B BOJOXPAHUJIMILIE.

3HAYUTENbHO YBEJIWYMIIACH IJIOMIAb MEIKOBOAMMA 10 2,0 M. 0OCOOEHHO B HayaJbHOM
4acTH BOJIOXpaHWiIuiia, Hanpumep B 2003r., sTa miomanp Obuia paBHa 1,5 KM%, 3Ha4eHUs
riyouH MenkoBoui Bapbupoana ot 0,2-0,5 M. B HadanpHON 9acTU BOAOXpaHUIHINA OBLIO
3aUKCUPOBAHO PUCOBBIE MOJIS, OJMKE K MpaBoMy Oepery.

Puc.5.1 nokasbiBaeT pe3yibTarT OOCHEI0BaHMM, TJ€ SCHO BUIHO yBeIMYeHHE 00BeMa
3auJIeHUS JJIs1 Pa3InYHbIX IEPHOIOB SKCILTyaTallHuH.
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Puc.5.1. Kpusbie 3aBucuMoctu 00beMa AKIapPbUHCKOTO BOAOXPaHUIIHIIA
Figure 5.1. Historical volume curves of Akdarya reservoir

3a mepuox okcruryataruu  (1983-2003 rr.) momHbIE 00beM  AKJZApBUHCKOTO
BOJIOXpaHWJINIIA COKpaTuics Ha 19,3 MIH.M® WIH €KerogHas MOTEPS] EMKOCTH COCTABJISIET
0,8%; momne3Hblli 00BeM cokpaTuiics Ha 18,3 MITH.M® HIIH EKEroHas OTEPS] EMKOCTH —
0,79%; mepTBBIii 00beM cokpaTuics Ha 1,04 MITH.M® WJTH eXKeroiHas norepst — 1,98% [10].

5.2. Pe3yJbTaThl YMCJIEHHBIX PACYETOB

B rmaBe 4, mamMu omnmcaHa TOCIEIOBATEIHLHOCTh METOAMKHA TE€OCTATUCTUYECKOTO
aHajM3a I MPOTHO3a 3HAUYEHWI BEIWYMH, HAa MECTaxX TIJ€ 3THU JaHHbIE OTCYTCTBYIOT C
nomortisio mporpammel SURFER u BaprorpamMmmMHOe MoieTupoBaHue.

Breibop cdepuueckoit Momenu OOBSCHSETCS TpPAaeKTOpPHM 3aMepa TIAyOMH TIO
MOTNIEPEYHUKAM, KOTOPBIC PACIIOJIOKEHBI TIEPIICHANKYIIAPHO K OeperaM U paBHOYIAICHBI IPYyT
OT JApyra B OaTUMETpUYECKUX OOclenoBaHUsAX. B OaTMMeTpu4eckol ChEMKE, PacCTOSHUE
MEXIy TOUYKAMH HU3MEPEHUHN TIIyOWMH JIBYX COCEIHHUX IOMEPEYHHUKOB OOJBIIE, YEM MEXKIY
JIBYMSI COCEJHUMH TOYKAMHU M3MEPEHUM BAONb KaXJIOro mnomnepeuHuka. I[loaTomy,
MMPOCTPAHCTBEHHOE PACITOJIOKEHHUE TOYEK BBHIOOPOK HM3MEPEHUH SBIISAETCS KPUTHYCCKUM B
MpoIecCe UHTEPIIOISAIUN U CO3TaHUs CETKHU.

Ha puc.5.2 npuBeaeHsl  pe3ynbTaTbl  AKCIEPUMEHTAIBHBIX  MCCIEIOBaHUMN
BapHOTPaMMHOI0 MOJICJIMPOBAHUSA B JBYX HaIpaBJICHUSIX 20° u 110° (T.€., TUPEKIIMOHHBIC
yIibl B reojie3uu). JIMpeKUHOHHBIMU YIIIaMH M3MEPSIOT MO XOJY YaCOBOM CTPEIKH OT
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MOJIOKUTEITFHOTO HAIPABIICHUST OCH a0CIUCC 10 OPHEHTUPYEMOH JIMHUU M MOTYT HMETh
3gayeHus ot 0 1o 360° [21]. Haubosnbliiast 1 HaMMeEHbIIask AUCIIEPCUS B JaHHBIX HAaOII01aeTCs
B 110° u 20° JUPEKIMOHHBIX yriaax i AKJapbUHCKOI'O BOJOXPaHWIMINA, T.€., U3YUMIIU
AQHU30TPOITHIO TI0 IMOMIEPEYHOMY M TIPO0JIbHOMY mpoduiisam [51, 59].

12

10

0 200 400 600 800 1000 1200 1400 1600
h (m)

- - - - Cthepuyeckan Moaenb Bapuorpammel

1,2 — 3KCNepUMeHTanbHaa Bapuorpamma

Puc.5.2. Chepuyeckas MosieNb U SKCIIEPUMEHTAIbHBIE BAPUOTPAMMBI
Figure 5.2. Experimental semivariogram of reservoir bottom elevations direction N20
(smallest variance) and N110 (largest variance) of Akdarya reservoir

BennuuHbl AUPEKIIMOHHBIX YIJIOB 3aBUCAT OT XapaKTEpPHOTO THUIIA BOJOXPAaHWIUIIA IO
KoH(purypanuu. B cnenuanbHOll nuTepaType CyIIECTBYIOT MHOXECTBO MPEAJIOKEHUN I10
TUOM3alMu  Mopdosoro-mopdomerpruueckoro  cTpoeHuss  BojoxpaHwiauil. — Popma
BOJOXPAaHWIMIL pa3HOOOpa3Ha U BapbUPYyeT OT Y3KUX BBITSHYTBIX BOJOEMOB JI0
paciMpeHHbIX 1Mo (opMe HenpaBWIbHBIX d3JumnncoB. Ilapamerpel (C, 4, koapduumueHt
AQHU3O0TPONHUM U JUPEKIHOHHBIM Yroy) AOKHBI OBbITh OIpeneiaeHbl U (UKCHPOBAHBI
OJMHAKOBBIMM 3HAUYEHUSIMH KaK Ul DKCIEPUMEHTAIbHOM W MOJEIM BapUOTpaMMBbl, B
mpouecce TpaduUYecKoro aHainuza, Korja MnoaOupaercs MOJENb BapuorpaMMbl K
9KCIIEPUMEHTAILHOMU.

BaxusiMu miapameTpamu Bapuorpammel siBisietcs «Sill» (C) — 3To uncieHHoe 3HaueHne
OXXHMJAaeMOW Pa3HOCTH (JUCIIEPCHH) MEXIy MapaMd BBIOOPOK Ha paccTosHUHM h, KoTopoe
UCIIOJIb3YETCS JAJI1 UHTEPHOJSIUHN JaHHBIX, IJ1€ OHU OTCYTCTBYIOT. ClIeyIOIIUM IMapaMeTpOM
sBisiercst (A) — JTO pacCTOsSHHE, MPH KOTOPOM HE CYIIECTBYET KOPPESIUU MEXIY
3HAYCHUSIMU U3MepeHuii [35, 64, 84].

B namewm ciydae, yncinenHoe 3HaueHue C=9 M2 11 A=1000 M ¢ marom paccrosiaug B 200
M (cMm. puc.5.2). 1000 M — 3TO MaKCMMabHOE 3HAYCHHE JJIMHBI PACCTOSTHUS B 110%1 500 M B
20° The CymecTBYIOT KOppENSIHs IAHHBIX, KOTOPHIE HCIONB3YIOTCS s TPOTHO3a M
MHTEPHOJSLMUA TIPH CO3JaHUSl CETKH OAaTUMETPUYECKOM MoJenu 4vamu AKJapbHHCKOTO
BOJOXPaHMIMILA.
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[Tocne BapuOrpaMMHOTO MOJECTUPOBAHMS MPOBOAMM HHTEPIIONALUIO JUIS CO3TAHHS
ceTkH ¢ momoinbio Metoaa Kriging. Ilpu co3manuu Moe/H Yalli, pa30MBaeM TEPPUTOPUIO HA
CETKY C 3aJaBaeMbIMM pazmepamu cTopoH B 500 u 1000 M. @opma ceTku uumnconHasi, ¢ 4
cektopamMu. B kaxkmoil cetke BbiOMpaeM 10 BBIOOPOK TOYEK JUIsl WHTEPIOJSALHMH. 3aTeM
aHAJM3UPYEeM COOTBETCTBUE MEXKIYy HW3MEPEHHBIMH TOYKAaMH BBIOOPOK TIIyOMHBI B
TOPU30HTAJILHOM MJIOCKOCTU M BEPUIMHAMHU STYEEK CETKU MOJICIH.

Ha pwuc.5.3 npuBenena OarumeTpuueckas MOJEIb Yalmd  AKJIapbUHCKOTO
BOJOXPaHWINILA IPU PA3IUYHBIX a0COIOTHBIX OTMETKAX.

4432700 w0

490
4431700

485

4430700

Wkana abcon. oTMeTKKN (M

4429700 .

OonroTta (rpagyc, MUH, ceK)

4428700
274000 275000 276000 277000 278000 279000 280000 281000
LupoTa (rpagyc, MUH, cek)
Puc.5.3. barumerpudeckas Mojesb Yalu AKIapbUHCKOTO BOJIOXPaHMITHIIA
Figure 5.3. Bathymetric map of Akdarya reservoir by kriging method

IIpennaraemass METOOMKAa TIEOCTATUCTHUYECKOTO AaHAIW3a HUMEET INPEUMYIIECTBO HaJ
TPaJULIMOHHBIMU TE€M, YTO MpH pacuyere oOBEMOB BOJOXPAHWIMIIA MOXHO IOJYYUTh HE
TOJIKO YHWCJIEHHBIE 3HAU€HUs, HO M LU(POBYIO MOJEIb Yallld. IDTO MOJENb SBJISAEeTCS
3¢ (HEeKTUBHBIM BU3YaIbHBIM HHCTPYMEHTOM Ui CIYXO S3KCIUTyaTallud, KOTOpPbIE MOTYT
HarjsiIHO BUJIETh B JIByXMEPHOM pEXUME paclpesesieHHe TIIyOWH BOJOXpaHMIIMILA IpU
Pa3IMYHBIX OTMETKaX, 1 TEM CaMbIM ONEPAaTUBHO MPUHUMATh PEIICHUS O MEPOTIPUSATHUSX.

Jlnist mocTpoeHHst MOAETH Yalii AKAapbHHCKOTO BOJIOXPaHUIMIIA ObUIH UCTIOIb30BAHBI
JNaHHble 35 MONEpeYyHHUKOB. MBI COKpaTWIM B 2 pa3a KOJMYECTBO IONEPEYHHKOB U IIPHU
MOMOIIIM TE€OCTaTUCTUYECKOrO METO/a paccUuTaiu KpuBylo obbema. Ha puc.5.4 u 5.5
MIPUBE/ICHBI PE3YyJIbTaThl COMOCTaBICHMSI (PAKTUYECKOM M pPACYETHOW KpPUBBIX OOBEMOB M
IJI0ILIa 1M BOAHOM MOBEPXHOCTH AKJAPHUHCKOTO BOJOXpaHWiIuIa [48].
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Puc.5.4. KpuBbie 00beMOB AKIapbUHCKOTO BOJIOXPAaHUIIUIIA
Figure 5.4. Akdarya reservoir volume by kriging and measurements (2003)
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Puc.5.5. Kpussbie miomaan BOAHON NOBEPXHOCTH AKIAPbUHCKOTO BOJOXPAHMIIMIIA
Figure 5.5. Akdarya reservoir surface area by kriging and measurements (2003)
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B Tabn. 5.5 nmpuBeneHbI YMCICHHBIE 3HAUEHUS PE3yJIbTATOB HATYPHBIX H3MEPEHHH U
YHUCIEHHBIX pacuyeToB O0BEMOB U IUJIOLIAJACH BOJHOW MOBEPXHOCTH AKIapbUHCKOIO

BOAOXpaHUJIUIIIA.

Tabmuua 5.5

O0beM 1 BoIHAS TIOBEPXHOCTH BOAOXPAHIIIUINA MPU PA3IMYHBIX OTMETKAX BOJIHOM

ITOBCPXHOCTH

Table 5.5. Akdarya reservoir volume and water surface area at different water elevations

A0c. Oo0BeM Iomans BoAHOM MOBEpX.

OTMETKA (morHM®) (km?)

() 2003r. Pacuer 2003r. Pacuer

477 0,003 0,00074 0,0083 0,0036

480.5 1,12 1,05 0,95 0,97

485 12,76 12,634 4,39 4,42

490 46,04 46,27 8,62 8,66

494.5 93,17 93,83 13,98 13,97

Pe3yabpTaThl HMCCIEIOBaHUM ITOKA3bIBAIOT COMOCTABUMOCTH pAcu€ToOB, W ABTODSI
PEKOMEHIYIOT  JAHHYI0  METOAMKY  CO3JaHMs  OaTMMETPHYECKOW  MOJEIM  Yalld

BOJOXpaHWININA TIpU pacyerax oO0BeMOB Bopoxpanunuma [47, 48, 49, 50, 51]. Dro
MO3BOJISIET ABTOMATH3UPOBATh MPOLECC B CO3/JaHUU TaONMUIBl OpAUHAT KpHUBOW oOBEMa
BOJOXpaHWIMILA I OINpEeAesieHUuss €MKOCTH. ABTOMaTH3alus Ipolecca 3HAYUTEIbHO
YMEHBILIAET 3aTPAThl U YIIy4IIaeT KaueCTBO padoT.

Ha puc.5.6 u 1a6:1.5.6 mpuBeneHbl pe3yabTaThl Pacue€TOM C YYETOM TOMPABOYHBIX
kodpunrentoB MI'O. B snoxy coBpeMeHHBIX HHPOPMALMOHHBIX TEXHOJIOTHI HE00X0UMO
WCTIOJB30BATh AT PECYPCHI IS IOTIOTHUTEIBHBIX BEIYUCICHHH, KOTOPHIE MTO3BOJISIOT TOJHST
Ha KaueCTBEHHO HOBBIM YpPOBEHBb OIpENeJIeHUs] O0bEMOB BOJOXPAHMIIHUIL U PACCUUTATh
3anJICHUS.

Hamu pexomeHnayeTcsi MCIOJIb30BAaTh MOIMpPaBOYHbIE KO3(PPUIMEHTHI, pa3pabOoTaHHbIE
MI'O nnst 3HaueHuil TTyOMH C 1eNIbI0 YMEHBIIEHUS OIPeIIHOCTEH, KOTOpble HAaOII01al0TCs B
mpouecce 3amepa TIyOMH B TOJEBBIX YCIOBHUSIX. OTO MO3BOJIAET MOJy4YaTh JMana3oH
3Ha4eHUH oObeMa W IUJIOIIAJM BOAHOM MOBEPXHOCTH BOJOXPAHWJIMILA IMPH HOCTPOCHUU
KPUBBIX.
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Puc.5.6. Kpuas o6beMa AkIapbMHCKOTO BOJOXPaHMIHILA
Figure 5.6. Akdarya reservoir volumes vs water elevations for direct measurement,
kriging and simulation

ITIpu HITY (494,5 M) pasHuna Mexay HaTypHbIMH u3MepeHusmu (93,17 MJ'IH.Ms) u
pacuetHbiMu 110 MI'O (94,48 MJ'IH.M3) cocraisier 6ouee 1,31 MIH.M® 1 9T0 0GBICHSIETCS TeM,
YTO MpPU YMEHBIIEHUHM KOJMYECTBAa IMOMEPEYHUKOB B 2 pa3a U YBEIMYEHHEM IIJIOTHOCTU
JAHHBIX PE3YJNbTAaThl CONOCTaBMMA U HEYBS3Ka COCTaBJIsIET OKOJIO 2%. 3HAa4uT HaMu
pa3paboTaHHasi METO/IMKA pacueTa BepHa.

Tenepp paccMOTpUM pe3ynbTaThl MO IUIOWAASAM 3€pKana BOAbl B AKIapbHHCKOM
Bogoxpanwnuiie. [Ipu HITY pasnuna 3nauenuit miomazaeit cocrasiuser 0,52 KM% 1 HEYBS3Ka
paBHa mopsiaka 4% M 3TO O0BACHSAETCS TeM, 4To KommbioTepHas mporpamma SURFER
BBIUMCIISET IUIOUIab OOBEKTa MO HAUIMM BBOJHBIM JIaHHBIM, a HCIOJb30BaHHbIE JAHHbBIE
batnMeTrpuueckoro eHTpa UMeNIN HE3aMKHYTBIN y4acTOK IIEpUMETPA.

Tabmuma 5.6
O06beM U TIoIaab BOAHOM MOBEPXHOCTH IPU aOCOIIOTHBIX OTMETKaX
Table 5.6. Comparison of reservoir volume and surface areas from direct measurements,
kriging and simulation (minimum, mean, median, maximum) of Akdarya reservoir

O6beM (MaH. M°)
Abc HonpaBounbie kK03GPUUMEHTHI
O0TMeTKA 2003r. Pacuer (MI'O, 1998r.)
(m) Munaumym Makcumym
477 0,003 0,00074 0,0012 0,011
480.5 1,12 1,05 1,07 1,24
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485 12,76 12,64 12,53 12,98
490 46,04 46,27 46,11 46,77
494.5 93,17 93,83 93,81 94,48
ILiomaab BOAHOWH NOBEPXHOCTH (KMZ)
IHonpaBounbie k03¢ PULIMEHTHI
Abe. (MT'O, 1998r.)
0TMETKA 2003r. Pacuer
(m) Munumym Maxkcumym
AT77 0,0084 0,0036 0,0044 0,024
480.5 0,95 0,98 0,94 1,04
485 4,39 4,43 4,42 4,54
490 8,63 8,65 8,62 8,73
494.5 13,98 13,97 13,25 13,46

5.3. IIporuo3 norep moJie3HbIX eMKOCTEN

Hwxe nmpuBouM pacyeT cpeHErog0Boro (akTHIECKOro Mmokas3aTeisi oobeMa 3aujiecHus
JUTsl AKTapbUHCKOTO BOJIOXPaHUIIHUIIA.

R.=V,-VI/ (5.1)

rae
R. - cpenHeronoBoii (hakTUUECKU 00BEM 3aMIICHUS (MJ'IH.Mg/l"OI[);
V,, — Ha"aJabHBIA 00BEM BOJIOXPAHMINILA (MJ'IH.M3);
V, — KOHEeUHbI! 00BEM BOJIOXPaHHIUIIA (MnH.M3);
t — Kom4uecTBo JeT (roxm).
Jlns ompeneneHuss MPOIEHTHOTO TokaszaTens exeronHoil motepu (Ry) emkoctu
HaXOJIUM W3 CJISYIOMIEr0 OTHOIICHHUS

R..=(R./V,)x100 (52)

3Has TMOKa3aTelab €XEroJHoW moTepu o00beMa, MOXHO IPOBECTH MPOTHO3 Ha
onmxaitimee Oymymee. Lllar mporHosa cocrapnser kaxasie 10 ner (cm. 1a6:1.5.7). [To Hammm
nporHo3am yxe k 2025 roxy Oynet motepsiHo Oonee 85% mepTBOTO 00BEMa M ATO 3HAUMT,
YTO PETYIHUPYIOIIas eMKOCTh BOJOXpaHIINIIA OyIeT HeypaBisieMoi, a ommke k 2047 roxy,
T.€., uepes 25 net oynet notepssao 50% mnomHoro odveMa (puc.5.7).

Hcxonsa, #3  3THX  cOOOpakeHHH  HEOOXOAMMO  IPOBECTH  TI'POMO3IKHE
3emJieueprnaresbHble padoThl, KOTOphIe OyIyT OYEHb JOPOTOCTOSIIMM MeponpusaTtueM. Kax
BUJHO M3 pHUC.5.7 NPOUCXOAUTH TpaHCPOpMalUss KpUBOH. DTO MBI OOBSICHAEM B CHITY
MPOXOKJCHUSI HAHOCOB TPAaH3UTOM B HIDKHUM Obed U moTeped TMOJE3HOM €eMKOCTH
AKIapbUHCKOTO BOJOXPAHUIIHIIA.

Tabmuma 5.7
[Iporuo3 motep 06beMOB AKIAPbUHCKOTO BOJAOXPAHUIIHIIA
Table 5.7. Prediction of useful volume losses of Akdarya reservoir

| Mpu HOY
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[Tonueri [Tone3nsrit MepTBblii
00BeEM 00BeM 00BeM
(%) (%) (%)
Ilokazarens exxerogHou 0.8 0.8 1.9
MIOTEPU EMKOCTH
DaKTHYECKOE
1982-2003 \ 18 \ 17 \ 46
IIporuos
2004-2014 26 25 65
2015-2025 34 33 84
2026-2036 42 41
2037-2047 50 49

3Hasg HayvaJgbHble M KOHEYHbIE OOBEMbl BOJOXPAHMIIMINA MOXHO MPOTHO3UPOBATH
MOTEPH EMKOCTEH ISl KaXA0W OTMETKH BOJHOM MOBEPXHOCTU U MOCTPOUTH KPUBYIO 0OBEMOB
(puc.5.7) m (Ta6mn.5.8). UTo MO3BOJIAET ONEPATUBHO ONPEICIUTH MPOTHO3 HApallUBaHUS
OTMETOK BOJIOBBIMTYCKHBIX COOPYKEHUH I HAJACKHON SKCIUTyaTallud BOIOXPAHUIIHIIHOTO
TUIPOY3JIa U3-3a 3aUJICHHUS.
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Puc.5.7. IIporHo3Hbie KpuBble 00bEMOB AKIAPbUHCKOTO BOAOXPAaHHMIIUINA
Figure 5.7. Forecasted useful volume curves of Akdarya reservoir
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Table 5.8. Forecasted volumes of Akdarya reservoir (2003-2053)

Tabmuna 5.8

[Iporno3nsie 00beMbl AKIapbUHCKOr0 Bogoxpanuiuima (2003-2053rr.)

AOcoJsroTHas O0BeMBI CpenneroaoBoi CpenunerogoBasi IIporuo3ubie 00bEMBbI
O0TMeETKAa (MaH.M) dakTHYeCKHU i norepsi BOIOXPAHHJININA
(m) 00BeM e€MKOCTH (maraM®)
3alJIeHus (%) Ilar untepnaa 10 jger
(miH.M*/rox) (2003-2053rrT.)
1982 2003 2013 2023 2033 2043 2053

471,7 0,05 0,012 0,002 3,62 -0,006

477,8 0,1 0,013 0,004 4,14 -0,028

477,9 0,15 0,015 0,006 4,29 -0,049
478 0,2 0,016 0,009 4,38 -0,072

478,1 0,25 0,031 0,010 4,17 -0,073

478,2 0,3 0,046 0,012 4,03 -0,075

478,3 0,35 0,061 0,014 3,93 -0,077

478,4 0,4 0,076 0,015 3,86 -0,078

478,5 0,5 0,091 0,019 3,90 -0,104

478,6 0,55 0,106 0,021 3,84 -0,105

478,7 0,6 0,121 0,023 3,80 -0,107

478,8 0,65 0,136 0,024 3,77 -0,109

478,9 0,7 0,151 0,026 3,73 -0,110
479 0,75 0,166 0,028 3,71 -0,112

479,1 0,8 0,212 0,028 3,5 -0,068

479,2 0,85 0,258 0,028 3,32 -0,024

479,3 0,9 0,305 0,028 3,15 0,022 -0,262

479,4 0,95 0,351 0,029 3,00 0,066 -0,219

479,5 0,98 0,397 0,028 2,83 0,119 -0,158

479,6 1 0,443 0,027 2,65 0,178 -0,087
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479,7 1,15 0,489 0,031 2,74 0,174 -0,141
479,8 1,25 0,535 0,034 2,72 0,195 -0,146
479,9 1,35 0,582 0,037 2,71 0,216 -0,149
480 1,45 0,628 0,039 2,70 0,237 -0,155
480,1 1,6 0,726 0,042 2,60 0,310 -0,106
480,2 1,7 0,824 0,042 2,45 0,407 -0,010
480,3 1,85 0,921 0,044 2,39 0,479 0,036 -0,406
480,4 2 1,019 0,047 2,34 0,552 0,085 -0,382
480,5 2,15 1,117 0,049 2,29 0,625 0,133 -0,359
480,6 2,3 1,214 0,052 2,25 0,697 0,180 -0,337
480,7 2,4 1,313 0,052 2,16 0,795 0,278 -0,240
480,8 2,5 1,41 0,052 2,08 0,891 0,372 -0,147
480,9 2,65 1,508 0,054 2,05 0,964 0,420 -0,123
481 2,8 1,606 0,057 2,03 1,037 0,469 -0,100
481,1 2,95 1,771 0,056 1,90 1,210 0,648 0,087 -0,475
481,2 3 1,935 0,051 1,69 1,428 0,921 0,414 -0,094
481,3 3,5 2,1 0,067 1,90 1,433 0,767 0,100 -0,567
481,4 3,75 2,265 0,071 1,89 1,558 0,851 0,144 -0,564
481,5 4 2,429 0,075 1,87 1,681 0,933 0,185 -0,563
481,6 4,25 2,594 0,079 1,86 1,805 1,017 0,228 -0,560
481,7 4,5 2,759 0,083 1,84 1,930 1,101 0,272 -0,557
481,8 4,75 2,924 0,087 1,83 2,054 1,185 0,315 -0,554
481,9 5 3,088 0,091 1,82 2,178 1,267 0,357 -0,554
482 5,25 3,253 0,095 1,81 2,302 1,351 0,400 -0,551
482,1 5,5 3,471 0,097 1,76 2,505 1,539 0,572 -0,394
482,2 5,75 3,689 0,098 1,71 2,708 1,726 0,745 -0,237
482,3 6 3,907 0,100 1,66 2,910 1,914 0,917 -0,080
482,4 6,5 4,125 0,113 1,74 2,994 1,863 0,732 -0,399
482,5 6,75 4,343 0,115 1,70 3,197 2,051 0,904 -0,242
482,6 7 4,56 0,116 1,66 3,398 2,236 1,074 -0,088
482,7 7,5 4,778 0,130 1,73 3,482 2,186 0,889 -0,407
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482,8 7,75 4,996 0,131 1,69 3,685 2,373 1,062 -0,250

482,9 8 5,214 0,133 1,66 3,887 2,561 1,234 -0,093

483 8,5 5,432 0,146 1,72 3,971 2,510 1,049 -0,412

483,1 8,75 5,751 0,143 1,63 4,323 2,895 1,467 0,039 -1,389
483,2 9 6,071 0,139 1,55 4,676 3,281 1,887 0,492 -0,903
483,3 9,5 6,391 0,148 1,56 4,911 3,430 1,950 0,469 -1,011
483,4 9,75 6,711 0,145 1,48 5,264 3,817 2,370 0,922 -0,525
483,5 10 7,031 0,141 1,41 5,617 4,203 2,790 1,376 -0,038
483,6 10,5 7,35 0,150 1,43 5,850 4,350 2,850 1,350 -0,150
483,7 11 7,67 0,159 1,44 6,084 4,499 2,913 1,327 -0,259
483,8 11,5 7,989 0,167 1,45 6,317 4,645 2,973 1,301 -0,371
483,9 11,75 8,309 0,164 1,39 6,670 5,032 3,393 1,755 0,116
484 12 8,629 0,161 1,34 7,024 5,419 3,813 2,208 0,603
484,1 12,5 9,042 0,165 1,32 7,395 5,749 4,102 2,455 0,809
484,2 13 9,455 0,169 1,30 7,767 6,079 4,391 2,703 1,015
484,3 13,5 9,868 0,173 1,28 8,138 6,409 4,679 2,950 1,220
484,4 14 10,281 0,177 1,26 8,510 6,739 4,968 3,197 1,426
484,5 14,5 10,694 0,181 1,25 8,882 7,069 5,257 3,444 1,632
484.,6 15 11,107 0,185 1,24 9,253 7,399 5,546 3,692 1,838
484,7 15,5 11,521 0,189 1,22 9,626 7,731 5,837 3,942 2,047
484.,8 16 11,934 0,194 121 9,998 8,062 6,125 4,189 2,253
484,9 16,5 12,347 0,198 1,20 10,369 8,392 6,414 4,437 2,459
485 17 12,76 0,202 1,19 10,741 8,722 6,703 4,684 2,665
485,1 17,5 13,24 0,203 1,16 11,211 9,183 7,154 5,126 3,097
485,2 18 13,72 0,204 1,13 11,682 9,644 7,606 5,568 3,530
485,3 18,5 14,2 0,205 111 12,152 10,105 8,057 6,010 3,962
485,4 19 14,68 0,206 1,08 12,623 10,566 8,509 6,451 4,394
485,5 19,5 15,16 0,207 1,06 13,093 11,027 8,960 6,893 4,827
485,6 20 15,64 0,208 1,04 13,564 11,488 9,411 7,335 5,259
485,7 20,5 16,12 0,209 1,02 14,034 11,949 9,863 7,777 5,691
485,8 21 16,6 0,210 1,00 14,505 12,410 10,314 8,219 6,124
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485,9 21,5 17,08 0,210 0,98 14,975 12,870 10,766 8,661 6,556
486 22 17,56 0,211 0,96 15,446 13,331 11,217 9,103 6,989
486,1 23 18,13 0,232 1,01 15,811 13,492 11,173 8,854 6,535
486,2 23,5 18,711 0,228 0,97 16,431 14,150 11,870 9,589 7,309
486,3 24 19,286 0,224 0,94 17,041 14,796 12,552 10,307 8,062
486,4 25 19,862 0,245 0,98 17,415 14,969 12,522 10,075 7,629
486,5 26 20,438 0,265 1,02 17,789 15,141 12,492 9,844 7,195
486,6 27 21,014 0,285 1,06 18,164 15,313 12,463 9,612 6,762
486,7 27,5 21,589 0,281 1,02 18,774 15,959 13,145 10,330 7,515
486,8 28 22,165 0,278 0,99 19,386 16,608 13,829 11,051 8,272
486,9 29 22,74 0,298 1,03 19,759 16,778 13,797 10,816 7,835
487 29,5 23,31 0,295 1,00 20,362 17,415 14,467 11,520 8,572
487,1 30 24,006 0,285 0,95 21,152 18,297 15,443 12,589 9,735
487,2 31 24,696 0,300 0,97 21,694 18,692 15,690 12,688 9,686
487,3 31,5 25,386 0,291 0,92 22,475 19,563 16,652 13,740 10,829
487,4 32 26,076 0,282 0,88 23,255 20,434 17,613 14,792 11,971
487,5 33 26,766 0,297 0,90 23,797 20,829 17,860 14,892 11,923
487,6 33,5 27,456 0,288 0,86 24,578 21,700 18,822 15,944 13,066
487,7 34 28,15 0,279 0,82 25,364 22,579 19,793 17,007 14,221
487,8 35 28,836 0,294 0,84 25,901 22,966 20,030 17,095 14,160
4879 36 29,526 0,308 0,86 26,443 23,360 20,277 17,195 14,112
488 37 30,21 0,323 0,87 26,977 23,743 20,510 17,277 14,043
488,1 37,5 30,978 0,311 0,83 27,872 24,767 21,661 18,555 15,449
488,2 38 31,739 0,298 0,78 28,758 25,776 22,795 19,813 16,832
488,3 39 32,501 0,309 0,79 29,406 26,311 23,217 20,122 17,027
488,4 40 33,262 0,321 0,80 30,053 26,845 23,636 20,428 17,219
488,5 41 34,023 0,332 0,81 30,701 27,378 24,056 20,733 17,411
488,6 42 34,785 0,344 0,82 31,349 27,914 24,478 21,042 17,606
488,7 43 35,546 0,355 0,83 31,996 28,447 24,897 21,348 17,798
488,8 43,5 36,307 0,343 0,79 32,882 29,457 26,031 22,606 19,181
488,9 44 37,069 0,330 0,75 33,769 30,468 27,168 23,867 20,567
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489 45 37,83 0,341 0,76 34,416 31,001 27,587 24,173 20,759
489,1 46 38,651 0,350 0,76 35,151 31,652 28,152 24,653 21,153
489,2 47 39,471 0,359 0,76 35,886 32,301 28,715 25,130 21,545
489,3 48 40,292 0,367 0,76 36,622 32,951 29,281 25,610 21,940
489,4 49 41,11 0,376 0,77 37,353 33,596 29,839 26,081 22,324
489,5 50 41,934 0,384 0,77 38,093 34,252 30,411 26,570 22,729
489,6 51 42,755 0,393 0,77 38,829 34,903 30,976 27,050 23,124
489,7 52 43,575 0,401 0,77 39,563 35,551 31,539 21,527 23,515
489,8 53 44,396 0,410 0,77 40,299 36,202 32,105 28,007 23,910
489,9 54 45,217 0,418 0,77 41,035 36,852 32,670 28,487 24,305

490 55 46,038 0,427 0,78 41,770 37,503 33,235 28,968 24,700
490,1 55,5 46,928 0,408 0,74 42,846 38,764 34,682 30,600 26,518
490,2 56 47,818 0,390 0,70 43,922 40,026 36,129 32,233 28,337
490,3 57 48,708 0,395 0,69 44,759 40,811 36,862 32,914 28,965
490,4 58 49,598 0,400 0,69 45,597 41,596 37,595 33,594 29,593
490,5 59 50,488 0,405 0,69 46,435 42,381 38,328 34,275 30,221
490,6 60 51,378 0,411 0,68 47,272 43,167 39,061 34,955 30,849
490,7 61 52,268 0,416 0,68 48,110 43,952 39,794 35,636 31,478
490,8 62 53,158 0,421 0,68 48,948 44,737 40,527 36,316 32,106
490,9 63 54,048 0,426 0,68 49,785 45,522 41,259 36,997 32,734

491 64 54,938 0,432 0,67 50,623 46,308 41,992 37,677 33,362
4911 65 55,919 0,432 0,67 51,595 47,270 42,946 38,622 34,298
491,2 66 56,901 0,433 0,66 52,568 48,235 43,902 39,570 35,237
491,3 67 57,882 0,434 0,65 53,540 49,198 44,856 40,514 36,172
4914 68 58,864 0,435 0,64 54,514 50,163 45,813 41,462 37,112
491,5 69 59,845 0,436 0,63 55,485 51,126 46,766 42,407 38,047
491,6 70 60,826 0,437 0,62 56,457 52,089 47,720 43,352 38,983
491,7 71 61,808 0,438 0,62 57,431 53,054 48,677 44,299 39,922
491,8 72 62,789 0,439 0,61 58,403 54,017 49,630 45,244 40,858
491,9 73 63,77 0,440 0,60 59,375 54,980 50,584 46,189 41,794

492 74 64,752 0,440 0,60 60,348 55,944 51,541 47,137 42,733
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492,1 75 65,794 0,438 0,58 61,410 57,026 52,643 48,259 43,875
492,2 76 66,836 0,436 0,57 62,472 58,108 53,745 49,381 45,017
492,3 77 67,877 0,434 0,56 63,533 59,188 54,844 50,500 46,156
492,4 78 68,919 0,432 0,55 64,595 60,270 55,946 51,622 47,298
492,5 79 69,961 0,430 0,54 65,657 61,352 57,048 52,744 48,440
492,6 80 71,003 0,428 0,54 66,719 62,434 58,150 53,866 49,582
492,7 81 72,045 0,426 0,53 67,781 63,516 59,252 54,988 50,724
492,8 82 73,086 0,424 0,52 68,841 64,596 60,352 56,107 51,862
492,9 83 74,128 0,422 0,51 69,903 65,678 61,454 57,229 53,004
493 84 75,17 0,420 0,50 70,965 66,760 62,556 58,351 54,146
493,1 85 76,309 0,414 0,49 72,170 68,032 63,893 59,755 55,616
493,2 86 77,448 0,407 0,47 73,376 69,303 65,231 61,158 57,086
493,3 88 78,587 0,448 0,51 74,105 69,622 65,140 60,657 56,175
493,4 89 79,726 0,442 0,50 75,310 70,894 66,477 62,061 57,645
493,5 90 80,865 0,435 0,48 76,515 71,165 66,815 62,465 58,115
493,6 93 82,004 0,524 0,56 76,768 71,532 66,295 61,059 55,823
493,7 95 83,143 0,565 0,59 77,497 72,165 66,519 60,873 55,226
493,8 98 84,282 0,653 0,67 77,750 71,217 64,685 58,152 51,620
493,9 100 85,421 0,694 0,69 78,479 73,165 66,223 59,280 52,338
494 102 86,56 0,735 0,72 79,208 71,855 64,503 57,150 49,798
494,1 105 87,883 0,815 0,78 79,732 74,165 66,014 57,863 49,712
4942 107 89,205 0,847 0,79 80,731 72,257 63,784 55,310 46,836
494,3 109 90,528 0,880 0,81 81,732 75,165 66,369 57,573 48,776
4954 111 91,85 0,912 0,82 82,731 73,612 64,493 55,374 46,255
494,5 1125 93,173 0,920 0,82 83,970 76,165 66,962 57,758 48,555
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Ha puc.5.8 npuBeneHbl pe3yiabTaThl MPOTHO3a aKKYMYJISIIUM HAHOCOB M uepe3 50 Jjer,
T.€., K 2053 roay 6,4 M OyayT mOTEpsiHbI 3aUJICHUIO B AKJIapbUHCKOM Bojaoxpanuiuiie. [1o
HamuM pacderam rmpu YMO 480,5 m aGc OyeT nmoytHOCThIO 3amieHa B 2023 roay.

7 :E:]noronaM

 —0—Obuwee

6,4

0,7

OTnoXeHUe HAHOCOB
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O = NWBHEOO®
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2013 2023 2033
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2043 2053

Puc.5.8. OtnoxxeHne HaHOCOB B AKTAPbUHCKOM BOJOXPAHUIINILLE
Figure 5.8. Forecasted annual and total sediment accumulation in Akdarya reservoir

5.4. Pacuer y3xoHOMHYecKOii Y3 PeKTUBHOCTH

B »sTOoM pazgene noapoOHO pPACCMOTPUM HKOHOMHMYECKYIO A(PPEKTUBHOCTH OT
BHEIPEHHSI PE3yIHTaTOB UCCIIECIOBAHUI B TPONU3BOJICTBO.

OCHOBHBIM IPaKTUYECKUM pUMEHEHUEM pa3paboTaHHOI METOAMKH
T€OCTaTUCTHYECKOTO aHanmm3a OyneT aBTOMAaTH3alMs BCEro IHMKJIAa pacdyera OOBEMOB
BOJIOXpPAHWIMILA U OIpeNeleHuss 00beMOB 3aWiieHHs, HauMHas OT IMOJEBBIX paboT, T.e.,
3aMepa FJ'IY6I/IH C MCHBIIHUM KOJHUYCCTBOM IIOINCPCUYHNKOB, YTO B CBOIO OYEPCAb YMCHBIIACT
BpeMs U (uHaHCOBble 3arparhl Ha 50%. Bropoe KapAMHAaIBHO YMEHBIIUTH BpeMs
KamepanbHONH o0o0paboTtkm Ha 80% u COKpaTHTh 0OImME pacxoisl OATUMETPUUYECKHUX
obcnenoBanuii (cMm. mpunoxenue 4) u tabdn. 5.9 [12, 14].

Tabmuna 5.9
KaJ'IBKYJ'ISII_[I/I}I 10 OPEACIICHUTO 00BEMOB JJIA AK,Z[apBI/IHCKOFO BOAOXpPAaHUWJIHIIIA
Table 5.9. Calculation of economic efficiency of geostatistical approach vs traditional

Ne Bun Hopma 3anAT. Bcero Croumoctsh JKOH.
pador yeJsi/ Cnen. yeJ/ (I'KC 3a 2005r.) apdexT
qac Koua-Bo gac 1 yen/gyac=1274,63
CyM
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IHosieBbie padboTHI

9 [3ameprmy6un | 5 | 2 | 10 | 12746,3 | 6373,15

Kamepaabnasi o0padoTka

16 | [locrpoenue
MOTIEPEYHBIX
npoduieii B
«Excel»

8 3 24 30591,12 15295,56

17 BBoj naHHBIX B
porpaMmmy 45 3 135 172075,05 172075,05
«AutoCAD»

18 | Yepuenue
KapThl O0BEKTa
Ha 12 2 24 30591,12 30591,12

MUJIUMETPOBK

y

19 | O6o6uenue 3,1 3 9,3 11854,059 5927,03

HTtoro 230,026

IIpoune
3aTpaThl 29,32% 123986,13 30000
NOAPSIYMKA

Bcero 260000

Oxwunaemasi 5KOHOMUYEcKas 3PPEKTUBHOCTD IS OMPECIICHUs TOJIE3HOTO 00bema |
KM BOJOXPaHWINILA CHU3UTCS C HbIHEIIHUX 546 Ha 286 ThIC.CyM. OxupaeMas
SKOHOMMYECKass A(P(PEKTUBHOCTh COCTABISIET OKOJIO 3 MIIH.CyMOB Il AKIapbUHCKOTO
BojoxpaHmwinia. Kpome Toro, Meroamka HMCHOJIb30BaHa ISl pacuera IMOJIE3HOM €MKOCTH
IOxHOCYpXaHCKOTO BOIOXPAHHIIUIIA.

B nammx pacyetax Mbl pacCMOTPENH TOJIBKO T€ MYHKTHI, KOTOPbIE UMEIOT HAUOOIBIITHIE
MoKazaTe KOHOMHUYecKoi sddexktuBHOCTH. HEoO0X0auMO OTMETHTh, YTO HE TOJIBKO
KOJIMYECTBEHHO, HO U YIIYYIIAeTCs] KayeCTBO PAacyeToB, T.K., YMEHBIIAIOTCSA MOTEHUIHUATbHbIE
HMCTOYHHUKH MOTPEUTHOCTEH ¢ MPEABIIYIIUMH METOJIAMU pacyeTa.
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BrIBOaBI 10 NATOH IIaBe

1. 3a nepuon oxcruryatanuu (1983-2003rr.) AKZapbUHCKOrO BOJOXPAHUJIMILA OBLIO
BBISIBJICHO CIIEJIYIOLIEe: eXKeroqHast oTeps nojHoro oorema cocraniser 0,8%; nmone3Horo
— 0,79%; u wmeptBoro — 1,98%. Mcxonms u3 3TOro, MbI TPOU3BENTU NMPHOIMKCHHBII
IporHo3 mnorepu Tpex odobemoB. Hampumep, u k 2035 romy mepTBbIi 00BEM OyneT
IIOTEPSIH MOJHOCTHIO, A TIOJIHBIN U MOJIE3HbIH 00beMbl cokpatsTcs Ha 50%.

2. BenuuuHBl JUPEKLIMOHHBIX YIJIOB 3aBUCAT OT XapaKTEPHOI'O THUIA BOJAOXPAHMWIMIIA I10
KOH(UTypanuH, T.€., 0T (POPMBI BOJOXPAHUJIHIIA ITPH U3YYEHUN aHU30TPOIINH.

3. Pe3synmbraThl  MccleOBaHUM  MOKAa3blBAIOT  CONOCTaBUMOCTb  PAacyeTOB  MEXAY
T€OCTATUCTHYECKMM  METOJOM W  HATypHBIMH  JaHHBIMH. OTO  TIO3BOJISIET
aBTOMAaTU3MPOBAaTh IPOLIECC pacyeTa OOBEMOB BOAOXPAHWIIMILA, YTO IO3BOJISAET
3HAYUTEIBHO YMEHBIIUTH 3aTpaThl W TIOAHAT HAa HOBBIM KayeCTBEHHBIH YPOBEHBb
IpoBeIeHUs] 0aTUMETPUUECKHX HCCIeI0OBaHNH.

4. OCHOBHBIM MpaKTUYECKUM IpPUMEHEHHEM OyJeT aBToMaTu3alus pacuera 0O0BbEeMOB
BOJIOXPAHWJIMIIA, YTO MO3BOJUTh YMEHBUIMTh BpeMsi KamepanbHoi 00paboTku Ha 80% u
nosieBbIX — Ha 50%.

5. Oxwunaemas sKOHOMHUYEcKas >(PQPEKTUBHOCTh YMEHBIIEHUS 3aTpaT JUIsl ONpeAeieHus
nosie3Horo oobema 1 km? TJTOIIAIM BOJAOXPAHWININA CHU3UTCS ¢ HhIHEIHUX 546 Ha 286
TBIC.CYM.

6. Pexkomenmyercss BHOCHTH TOIpaBOYHbIE Kod(pduumeHTs!, paspadoranHbix MI'O  ms
3HaYeHUH TIyOMH, TEM CaMbIM, pellas BOIPOCHl KOJIWYECTBEHHOI'O M KaueCTBEHHOI'O
XapakTepa B 3aMepe TIIyOUH.
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3AK/IIOYEHUE

C03/:[aHa Hay4HO- TEXHOJIOTHYECCKHEC OCHOBBI OIIPECACIICHUA MTOJIE3HOM €MKOCTH
SCKILTYaTUPYCMbBIX BOJOXPAaHWUJINII C UCITIO0JIb30BAHUCM I‘GOI/IH(bOpMaI_[I/IOHHBIX CHUCTCM:

1.

BrepBeie pa3paboraH W ampoOMpOBaH METOJ TEOCTATHUCTUYECKOTO aHalu3a B
TUAPOTEXHUYECKOM CTPOUTEIBCTBE ISl ONEPATHUBHOTO OIPEICICHUS W IPOrHO3a
COCTOSIHMSI TIOT€p PETYIHUPYIOIIUX €MKOCTeH BojoxpaHwiuil. YTto mo3BOJsET
aBTOMAaTHU3UPOBATh pacyeT OOBEMOB BOJOXPAaHMUJIWINA, 3a CYET YBEJIMYCHHSI OOJIACTH
0XBaTa U3MEPSAEMON MOBEPXHOCTH, KOTOPasi YMEHbBIIIACT BpeMsi KamepaabHO 00paboTku
Ha 80% 1 nmoneBrix — Ha 50%.

[Toka3aH CHCTEMHBI IOAXOJ] WCIIOIB30BaHUS TeoMHpopMannoHHbx cucrteM (GPS-
cucrema, 6arorpadp CEEDUCER, nporpamma SURFER u mnpunoxenust Google Earth
cetu Uurtepuer) B PecnyOnuke Y30ekucran Juist Ui ONEPaTUBHOM OLEHKH M MPOTHO3Y
COCTOSIHUS TIOJIE3HBIX EMKOCTEH BOAOXPAHIITHIIL.

[TonydeHnbl HOBBIE pe3yNbTaThl pacueTa KPUBBIX OOBEMOB BOJOXpPAHWIUIIA C YYETOM
MOMPABOYHBIX KOY(DPHUIIMEHTOB I 3HAYCHUH U3MEPSAEMBIX TIIYyOMH COTJIaCHO
cranaaptam MI'O B PecniyOninke Y30ekucras.

OKCIIEpUMEHTAIbHO  YCTAHOBJIEH HAy4yHO-OOOCHOBAaHHBIM pa3Mep SYEHKH CETKU
0aTMMETPUYECKOM MOJENM Yallld BOJOXpAaHWIMIIA C IIOMOIIbIO BapUOTPaAMMHOIO
MOJEIIUPOBAHUS.

BnepBeie co3maHa uu@poBas OaTUMmeTpuueckas MoOJAENb yalid  AKJapbUHCKOIO
BOJIOXPAHWIMIIA.

ITokazana HEOOXOJUMOCTh MPUOMIKEHHOTO METOJ IPOTHO3a IIOJNE3HOW EMKOCTH
AKIapbUHCKOTO BOJOXpAaHWJIHUINA C YYETOM MHOTOJETHUX (aKTHUECKUX O0OBEMOB
00bekTa. UTO TO3BOJSIET OMEPATHBHO OIPENENUTh MPOTHO3 HapallMBaHUS OTMETOK
BOJI03a0OpHBIX U  BOJIOBBINYCKHBIX COOPYKE€HHH I HaJeKHOW SKCIUTyaTalluu
BOJIOXPAHWJIMIITHOTO THAPOY3JIa C YIETOM YMEHBIICHHUS PETYIHPYIONINX EMKOCTEH.
OcHOBHBIE pe3yibTaThl pabOTHl JErIM B OCHOBY «PyKOBOJCTBO MO TNPUMEHEHUIO
nporpammbl SURFER-7 nist pacuera none3Hoit eMKOCTH BOAOXPaHUIIUILD YTBEP)KICHHOM
MUHUCTEPCTBOM  CEIBCKOTO M BOJHOTO Xo3siiicTBa PecnyOnmuku VY30ekucraH u
ucnonb3yercs batTumeTpuueckuM EeHTPOM.

Pe3ynbrarhl MccnenoBaHMN BHEAPEHbI B Npou3BOACTBO. [lomyueH akT BHeApeHus B
Npou3BOJACTBO OT PecmyOnukaHckoro oObeaMHEHUs «Y3BoApeMd3KcIuryaTanus». llpu
ATOM OkHJlaeMasi SKoHoMUYecKasi 3((HEeKTUBHOCTh YMEHbBILIEHUS 3aTpaT JJIs ONpeAeseHus
ToNe3Horo oGbeMa Ha 1 KM? ILIOMa/H BOJOXPaHWINILA MOXKET CHU3UTCA ¢ 546 1o 286
TBIC.CYM W CcOCTaBUT 260 ThIC. CyM B OaTHMeTpHUYeCKUX oOciemaoBaHusax. Oxumgaemas
KOHOMHYECKasT 3(P(PEKTUBHOCTh COCTABJIAET OKOJO 3 MIIH.CYyMOB Ui AKIapbHHCKOTO
BojioXpaHmwiMiia. Kpome Toro, MeToauka HCIONb30BaHA MJS OMNPEIENICHUs TOJIe3HON
eMKocTH FOKHOCYpXaHCKOr0 BOJOXPAHMIIHINA.

Pesynbrarel  uccnenoBaHMl JaeT  BO3MOJKHOCTM — IIMPOKOTO  IPUMEHEHUs
reonH(OPMAIIMOHHBIX TEXHOJIOTHA Hay4YHO-HMCCIIEI0BATEIbCKUMU U TPOEKTHBIMU
MHCTUTYTaMH B BOJOXO3SMCTBEHHOM HANpPaBICHUM AJIS ONEPAaTUBHOIO ONpEACIEHUS U
IPOrHO3a COCTOSIHMSI TOTEP OOBEMOB BOJOXPAHWJIUIN, O03€p, OTCTOMHHUKOB H
UPPHUTaIlMOHHBIX KAaHAJIOB, a TAKXKE UCCIIEOBAaHUM e opMalluu pycen pek.
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APPENDICES

IMPUJIOKEHUA

[Tpunoxenue 1
AKT BHEJPEHHE B IPOU3BOJICTBO (AKIaPbUHCKOE BOJOXPAHUIIHIIIC)
Appendix 1. Protocol of application in industry for Akdarya reservoir

«YTBEPKJIAIO» ey «vn:rmuo»
Ipopexrop THHM no \1% N\ WK Pecnybumkanckoro
ANHAM Mlm «YIBOAPEMIKCHAY ATALMEN
: C L AB@aitwes
i e
“in 5: Eq ¢ 2_".

AKT BHE/JIPEHUS
PEIYABTATOB HAYMHO-HCCACAOBATEILCKHX, ONKITHO-KOHCTPYKTOPCKHX H TEXHOMOIHUCCKHX
paboT 8 NPOKHIBOACTHO

(muuenonm: opnmnunm)

(0"0 Py TeRN opr )
Hacroaumsm  akToM nomn:pauwrcl. Y10 pcxy:lbnm paﬁom W

(kaenosanue BY s, HHH, KB)
CTOHMOCTH P TbICCYM
(wndpamu 1 NPONKCHIO)
punoausemoit ¢ «1» mapra 2007r. 1o «30» posbpe 2008r.

(Cpoku BRnOIHENNS)

(ucnmmm nuennl.poﬁoru vexmnm)

2 Xammpucrm macurTaba W mwx_mmmm

. Muonn cnoco6 (mnu)

4. Hoeuana pﬂymnron uayquo-uccne AOBATENLCKHX paﬁot W
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‘ (nuonep. rpmtmmmwo . uo HORKIE, MOAHDHKALNA, MOACPHICIALIN CTAPKX PaspaboTox)

5. OnBITHO-NPOHIBOACTBCHHAA POBEPKA M AKIADLMICKOM BOjOXpaMMINIE
(YXA38TH HOMEP M AATY BKTOB HCTIMTEHIHA, HAHMCHOBANHE NPSANPHATHA, nepuoa)

6. Breapensi:
“B NPOMBILILICHHOC ITPOHIBOICTHO emmen
(ym uex (uexa), npouecc)
-8 nipoexTHbie paborsl Barumerputeckuii ueurp
(yxasars, O0WEKT, NPEANPHATHE)

7. l'onoso# HKOHOMHYECKHHA KT,
0K AACMBIH THIC.CYM.
(OT BHEAPEHIS B NIPOSKT)
daxriaccxuit __ua Liw® 260 ThiC.CYM.
(OT BHEAPEHNA B NPOHIBOACTHO)
B TOM YHCJIC JI0JCBOC YUacTHe seeemee THIC.CYM.

8. Vaeasnas sxonomudeckas MpPexTHBHOCTE BHCAPCHHBIX PEIYILTaTOR Liew® 260 Thic.cym.

9, O6béM BHCAPEHHA QAMO Bojoxpanmammie, 410 cocrasaser 100% or obwero obnéma
BHC/IPCHNA.

10. Coumanpunii u n-y'mo-rexnu'wcm“ Mcﬂ Wﬁu

(oxpun owya-om cpuu nuv yuy'llmmc " mopounnn YCAOBHA TPYAR, COBCPUICHCTBOBAHNE CTPYXTYPM
YIPARACHHN, HAYSTHO-TEXHNMECKHX NANPARACHIH, CICLIMILNMC HEIHAUCHNIA 1 T.1. )

Ipunoxenne: Pykosoactso no npumerernio nporpammsl SURFER-7 1as pacyera nosesxoi
EMKOCTH BOAOXPAHHIHILL

«COTJIACOBAHO» — «COI'JIACOBAHO»
or THUM & LA or MNPEINIPHATHS
A MTHAM [ y, 1+ IBPEKTOp rOCYAAPCTBEHHOIO YHHTAPHOTO
~ AT Ulepos _"\"5__‘?'}‘..;\{;} pelipusTHA «BarHMeTpHYCCKIE LeHTPY
PyxosojTe) (E7AN ﬁ . 7; b eeay WL H. Ulapunos

5 .__’-/-?«Stm YeCKHit HeHTp»
LA Paxmaryjuisen g;} C.B. Xampacs
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[Tpunoxenue 2
AKT BHeIpeHHs B TPou3BOJICTBO ([lanonaTHoma)
Appendix 2. Protocol of use of developed geostatistical approach by Botiometrik Markaz

V3BEKMCTOH PECTIYBJIHKACH
KHILLIOK BA CYB XVIKAJIMIH BAHPJIATH

TOWKEHT UPPHIALIMS BA MEJIHOPALLMSI HHCTHTYTH

«TAcnchlAnMAH» / «’t&,_ UKJAHMAH»
etrtk markazy napnar

SXOHA OOMUTHIH

< W.H. Illapunos

JAJNOJNATHOMA

TourkenT . «!0» _OF 2009 ii.

Yudy AanosaTioMa HM30 YeKyBUHIAP TOMOHHAH KYiHAarniap Xakm/a Ty3uiiau.

«Vppuranms rHAPOTEXHHKA HHINOOTIAPHHH Kypuul Ba Yiapiad doiisazanuin
pakyaprern  «UHAPOTEXHHKA MHIIOOTNAPH BA  MYXAHIHCIHK  KOHCTPYKIUMANAP»
kadexpacn roMonuaan onué Gopwiagrran (mammii Taakukor) «CoseplueHcTBOBaHHC
ONCPATHBHBIX ~ METOJIOB  ONpPEACACHHA  NOICIHOH  €MKOCTH  BOAOXpawwIHul ¢
HCMOAB3OBAHHEM  ICOMHQOPMAUMOHHEIX  CHCTEM»  MAB3YCHAAIH  HOM3OLIHK
JuccepranuscH GViHYa ONMHIaH WIMHIT TAAKHKOT MULIADHHHHT HaTWkanapH O¥iiuya
Oxuapé pa HanyGuit Cypxon cys ombopaapn  doiinarn  XaxMmIapHiK  aHHKIaW
Vatexucron PecnyGankacu Kuiiox pa cyp xiwaaurs pasupanru «Botiometrik markazy
AABJAT YHHTAP KOPXOHACH TOMOHMAan nunad unkapuinra k¥iunary raprubia wopuii
KT

———

[ Kopwmii yrnaran

Ne Myammdinap baxapuaran niiap ot

1 | M.P. bakuen «Pykosogcrso  no  npumenenmio | JIVK
HILA. Paxmary/Liacs nporpammbl SURFER-7 st pacuera | «Botiometrik
' M01€3HON eMKOCTH BOAOXpanuiniy | markazy
- K u1anma

Yudy janonarHoMany TacAHKIanMus:

HATM jumekropu «Botiometrik markaz» JIYK
A.I'. tliepos 60111:52:2;1 ¥punbocapn

! ~ P.X. Pacyaos
A latg 'HOC
z, C. Canaxonxaen «Botiometrik markaz» JIYK
M;inay_p pH Goy MyTa s
| C.Bb. X
7 23.?. Bakues M i
Tan un

Z LA, Paxmatynaen
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[Ipunoxenue 3

PykoBoncTBo no mpumenenuto nporpammbl SURFER-7 mnist pacuera nonesHoii eMKoCTH
BOJOXPAaHUIINIIL
Appendix 3. Methodological manual on use of geostatistical approach and SURFER-7 for
estimation of useful reservoir storage capacities approved by the Ministry of Agriculture and
Water Resources of the Republic of Uzbekistan
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MHUHHUCTEPCTBO CEJIbCKOI'O U BOJIHOI'O XO35IMCTBA
PECITYBJIMKH Y3BEKUCTAH

TAIIKEHTCKHUM UHCTUTYT UPPUT'ALIMU U MEJIMOPALIUA

«YTBepKAAI0»
3amecTHTEIb MHHHCTPA
HCKOro H BOJJHOI'0 X039HCTBA

oweet — 1LP. Xampaes
< 2008r.

PYKOBO/JACTBO

NO NPUMEHEHHUIO ITIPOI'PAMMBbI SURFER-7
JUISI PACYETA ITOJIE3HOM EMKOCTH BOJIOXPAHHUJIMIILL

Tamkenr 2008

«PykoBojacTBO MO mpuMmeHeHHio nporpaMMmbl SURFER-7 s pacdera mosie3HON €MKOCTH
BOJOXPaHWJIHINY pa3paboTaHo 3aBeAyromuM Kadenpoil «[ MapOTEXHUUYECKHUE COOPYKEHHS U
WH)KEHEPHBIC KOHCTPYKIIUU» TalIKeHTCKOT0 MHCTUTYTa uppuranuu u menuoparuu (TUHUM),
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1.T.H., mpog. M.P. BakueBbiM u nupexkropom MH}opManmoHHO-aHATUTHYECKON CITY>KOBI
«Bonausie pecypes»y TUUM, LA, PaxmaTtyJ/uiaeBbIM.

B pabGore mpuBeaeHa MOCIEAOBATEIbHOCTh M METOJOJIOTHUSA CO3/JaHUA  IUPPOBOI
0aTUMETPUUECKOM MOJENU 4Yalld BOJOXPAHWJIHMILA C HCIOJIb30BaHUEM KOMIIBIOTEPHOU
nporpammbl SURFER-7 st pacdera mose3Holl eMKOCTH BOJOXpaHWIHINA (Ha MpuUMepe
AKIapbUHCKOTO BOJIOXPAHWIIMIIA).
HoBu3zHa paOoThl 3aKit04aeTcst B CIASAYIOLIEM:
1. VYmeHbaercss KOTUYECTBO MOMEPEYHUKOB 3aMepa TyouH Ha - 50%;
2. YMeHbIaeTcs BpeMs Ui KaMepanbHou o0padboTku Ha - 80%;
3. Ilpoucxomut  aBromMarm3amusi  pacyera  TaONMIBI  KOOpPAMHAT  OOBEMOB
BOJOXPAaHUJIHINA;
4. Dxonomwuueckas 3(pPEeKTUBHOCTh MeTOJa omeHuBaeTcs B 260 THIC. CyMOB Ha 1xm?
UCCIIETyeMOro 00beKTa B 6aTUMETPUUECKUX 00CIIEIOBAHUSX;
5. Tlomygaem 1udpoBYyI0 OaTUMETPUYECCKYIO MOJENh Yallkl BOJOXPAaHWIHINA B
JBYXMEPHOM U300paKCHHH.
OTH HOBIIECTBA MMO3BOJISIIOT MOJHAT HA KAYECTBEHHO HOBBI YPOBEHb ITPOBEACHUS HATYPHBIX
0aTUMETPUUECKUX HCCIEAOBaHUH.

(PexoMeH10BaHO K M3JJaHUIO YYEHBIM COBETOM (haKyJbTeTa CTPOUTENIBCTBA M SKCIUTyaTalluu
HUPpPUTaLMOHHBIX TUAPOTEXHUYECKUX COOPYKEHUU TUUM IIPOTOKOJIOM
Ne 4 or« 9_» ampens_ 2007r.)

PenensenTsr:

HN. Ilapunos, - IUPEKTOP rOCYAAPCTBEHHOIO YHUTAPHOTO MPpEANPUATHS «baTHOMETpUYECKUI
ueHtp» PecnyOnukaHckoro oObenuHeHus «Y3BoApeMdKcIUTyaTanus» MuHHCTepcTBa
CeNIbCKOT0 U BOJHOTO X03sicTBa PecniyOonnku Y36ekucran

®. T'anmapos, K.T.H., 3aBE€AYIOIIUN OT/AENa BOJAOXPAHMIMIL M KaHainoB CpeaHeasnaTcKkoro

Hay4YHO-HCCIIe10BaTeNIbcKoro nHeTuTyTa uppurauuu um. B.J1. XKypuna (CAHUNPU)

©TalKeHTCKUI MHCTUTYT UppUTraluu U Menuopanuu, Tamkent, 2008r.
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BBEJIEHHUE

C  1nomolpI0  BOAOXPAaHWIMIL  HAyajloCh  TapaHTUPOBAHHOE  OPOIIEHHE
CEJIbCKOXO035ICTBEHHBIX 3€Mellb, BOJOCHA0KEHHE TOPOIOB U MPOMBIIUIEHHBIX MPEIIPUATHH,
MIPOU3BOJICTBO 3JIEKTPOIHEPTHH, 00pHOa ¢ HABOJAHEHHUSAMH, CYJIOXOJICTBO, & TAKXKE MHIYCTPUs
Typusma [1].

JlaHHBIE MHOTOJIETHETO OIbITAa HKCILIyaTalluy BOJAOXPAHMUIIMIL OKA3bIBAET, YTO YaACTh
UX PEryIUPYIOIUX EMKOCTEN 3aHATa UHTEHCUBHO YBEJIIMYUBAIOIUMHCA 00bEMaMU HAHOCHBIX
OTJIOKEHUHN. Upe3BbIYaliiHO BAKHO JaTh TOYHBIA IIPOTHO3 3aWJICHHs] BOJOXPAHUIIUII, TaK Kak
OT 3TOT'0 3aBUCAT CPOKH KCILIyaTalUU THAPOTEXHUYECKHX COOPYKEHUH.

[To nmanubM «baTumerpuyeckoro neHTpa» MuncenbBoaxo3a PY3 o0bvem 3auiieHus
obmero oobeMa AKTApbUHCKOTO BOAOXpaHWIMIIA coctaBiser 17%, meprBoro — 60%. 3a
nepuos IKcIuTyatanuu Bogoxpanmiuma (1983-2004rr.) oOmuit 00beM 3aMiIeHUs] COCTAaBUI
19,33 MITH.MS 1M cpeanee 3awienue 0,9 MIIH.MS B rof.

3a 34 mer (1963-1997rr.) skcruryatanuu TysOyry3ckoro BOJOXpaHWIHIA O0BEM
sansenns cocraui 59,81 mn®. 3a 10 ger paboTsl TaxuaTamickoro ruapoysia B BEpXHEM
obede ornoxkmioch 21,67 MIH.M®, 06BbeM cocTaBmi 49% OT TOJHOTO 00bEMa PYCIOBOTO
BOJIOXpaHmIHIIA [2].

@dakTuyecKkass UHTEHCUBHOCTh 3aWJIEHUS BOJOXPAaHUJIMIL BO MHOIO pa3 MPEBbIIIAET
pacueTHyr0. OTO CBHUJAETENBCTBYET O HEJOCTAaTOYHOM HaJAEKHOCTH HCIOJIBb3YEeMbIX HpHU
COCTABIJICHUH TPOEKTOB TPAJAWLIMOHHBIX METOJIOB PACUETOB 3aMJICHHS, Pa3paOOTaHHBIX IS
YCJIOBUH 3KCILTyaTalluy BOJIOXPAHUIINLLI.

bypHoe pa3BuTHe MHPOPMALIMOHHBIX TEXHOJIOTUN MO3BOJIUIIM HMIMPOKO HCIOJIb30BAThH
HOBBIE Pa3pabOTKU B THIPOrpapuuecKux HCCIEeTOBAaHUAX, B YAaCTHOCTH B ONpEACICHUU
0o0beMOB 3amiieHus. HoBble TEXHOJOTMM YBEIUYMWIN IUJIOTHOCTH T'€OJIAHHBIX, YITYUIINUIN
TOYHOCTh U3MEPEHUI 1 aBTOMATU3UPOBAIM MPOLECC CO3AAHUS TAOIUIIBI KOOPIUHAT 0OBEMOB
BOJOXPAaHWINILA, YTO 3HAUYUTEIBHO YMEHBILINIIN 3aTpaThl Ui MPOBEACHUS OaTUMETPUUECKUX
HUCcCIeJOBaHUH.

OTH KapAWHaJIbHbIE U3MEHEHHS TUKTYIOT pa3padoTaTh HOBYIO METOJIOJIOTHUIO pacueTa
o0beMa 3aMJIEHUS C UCTI0Ib30BAHNEM F€OMH(OPMAIIMOHHBIX CUCTEM.

OcuoBubiM HasHaueHueM SURFER-7 sBrisercss o0paboTka u  BH3yanu3anus
JBYMEPHBIX HAOOpPOB JAHHBIX, OMHUCHIBAEMBIX (QyHKIHMeil Tuna Z=f(X,y), a JoruKy paboThl ¢
MaKeTOM MOYHO MPEJICTaBUTh B BHJIE TPEX OCHOBHBIX (DYHKIIMOHAIBHBIX 0J0KOB [3,4,5]:

a) mocTpoeHue H(POBOI MOJIEIN TOBEPXHOCTH;
0) pacyer 0oObeMa M BOAHOM ILIOIIAIH BOJHOTO O0BEKTA;
B) BH3YyaJIU3allHsl TOBEPXHOCTH.

Kiroueoit pynkuueit SURFER siBnsiercst co3nanne nudpoBoil MoJesIn MOBEPXHOCTH.
Haubonee akTyanpHas MOCTaHOBKA JaHHOM 3a7a4yu GOpMyIHpYETCs Kak mepexoa oT Habopa
3Ha4eHUH (yHKUIMU Z B MPOU3BOJBHBIX (HEYMOPSIOUEHHBIX) TOUKax MiockocTd (N Touek ¢
koopauHaTamMu X,Y) K 3Ha4EHHUSM 3TOM (PYHKIMH B y371aX HEKOTOPOW perynspHoi cetku. B
Oosiee 0oO1IeH MOCTAaHOBKE Ta K€ 3a7aya CBOJUTCS K BO3MOXHOCTH BBIYHCIICHHS 3HAYCHUMH
(byHKIMH B JTI000M TOYKE TIOBEPXHOCTH (@ 3HAYUT U B Y3JIaX CETKH) IO MCXOTHOMY HabOpy
naHHbIX [6,7,8].
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1. 3XOJOTHPOBAHHE YAIIUX BOJOXPAHMJ/IMINA C ITOMOLBIO
BATOI'PA®A CEEDUCER

OnuauM u3 3(p(PEeKTUBHBIX METOJOB pacueTa 0ObeMa 3aWJICHHS SBISACTCS MOBTOPHBIC
0aTUMETPUUECKUE CBEMKH Yall BOJOXPAHWUJIMII, IO3BOJSAIOIIME IOJYyYUTh KOHEUYHBIE
pe3yabTaThl 3amieHus. HoBeiile TeXHOIOTHN yXKe HCIIONB3YIOTCS B Halllel pecrnyOinke u
11eJ1ec000pa3sHO  ONTUMH3UPOBATh HCIOJNBb30BAaHUE OSTHX PECypcoB B OaTUMETPUUYECKUX
UCCIIEIOBAHUX JJIsl TIOBBIIICHNUS HAJEKHOCTU PAOOTHI COOPYKEHUIN BOJOXPAHUIIUIL B IIEIIAX
COXpaHeHMs U H(PQPEKTUBHOIO HCIOJb30BaHUS BOJHBIX pecypcoB.  Mcxoas, u3 3THX
cooOpakxeHHH HE00XO0AMMO pa3paboTaTh HOBYIO METOAMKY M YCOBEPIICHCTBOBATH PACUET
o0beMa 3aMJIEHUS C UCIIOIb30BAHNEM I€OMH(OPMALIMOHHBIX CUCTEM.

C 2001r. 'ocynapcTBEHHBIM YHUTapHBIM IpeanpusiTieM «baTHoOMeTpuuecKuil HeHTp»
MuncenbBoaxo3a PecnyOnukn Y30eKuCTaH Hayajaoch HCHOJIb30BAaHWE HOBOW TEXHUKU U
obopynoBanusi «CEEDUCER» aBctpanuiickoit komnanuu Bruttour International Ltd s
pacuera oObema BOJbl B BojoxpaHwiuile. Kak mokasasn ombIT, 3Ta TEXHOJOIHs MOKa3aja
XOpOoLLIUe pe3ynbTaThl [2].

Ha «CEEDUCER» MOXHO HCKJIIOYHTh HEKOTOpBIE BMJbI T€0JIE3NYECKUX padoT H
WHCTPYMEHTHI, COCTABJISIFOIINX TPATUIIHOHHYIO METO/INKY.

IIpenmymiecTBa HOBOI TEXHOJIOTUU:

e lckiroueHne HEKOTOPHIX BUIOB T€0/IE3NIECKUX paboT U MHCTPYMEHTOB;

e Jlns co3maHus IJIAHOBO-BBICOTHOTO OOOCHOBAaHHS MOKHO HCKIIIOYHTH TPUMEHEHHUE
TEOJIONINTA U CBETONATbHOMETPA;

e [lpu co3maHuM JOKaTbHOM ceTH Oe3 OPUEHTHUPOBAHUS KHJIOMETPOBOW CETKH K
TOCYJapCTBEHHOH CETKE IOCTAaTOYHO OJIHOTO T'E€OJIE3UYECKOT0 ITYHKTa, MMEIOIIETO
KOOpauHaThl U 0TMETKY. [Ipu momoru 6a30Boit cranuuu B no3unmu «HERE» moxHO
NoJy4uTh KoopanHaThl B cucteMe WGS-84 1 pa3BUTH JIOKAIBHYIO CETh U 00BEKTA B
1EJIOM;

e VYMeHbIIEHHE Neproia 00CIeI0BaTeIbCKIX PadOT U YMEHBIIICHUE 3aTpar.

«CEEDUCER» siBisieTcsi KOMITAaKTHBIM TIEPEHOCHBIM YCTPOWCTBOM, KOTOPOE COCTOHT
U3 CIEAYIOMIMX yacTel cM. puc.l:

HNarunka GPS 8- wnm 12-xaHanmpHBINA, TOYHOCTH 2-3M (8-kaHampHBIN) wiu <Im (12-
KaHAJIbHBIN);

Hudposoit gaTunk-3x010T (transducer)

e paauyc aedcTBHs u3MepeHus riyouns! ot 30cm 10 99,99m

® CKOpPOCTh 3BYKOBOI'O CHTHajJa HAcTpauMBaeTCs aBTOMATHUECKH WM pydHas
HaCTpOMKa

e pyuHas HacTpoiika BenuuuHsbl draft

e Tounocts 0,02% oT n3MepsieMoil MTyOMHBI M pa3peliaoias CiocoOHOCTh 1-cM
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3Jxonort-
AaTynK

Hcrounuk: PykoBozacTso 1o IIPUMEHEHUIO Oarorpacga «CEEDUCERN».
http://www.bruttour.com.au

Puc.1. O6opynoanne «CEEDUCER»

HeobxonmuMo 3akpenuTh JaTYMK-3XOJIOT HA IUIABATEIIBHOE CPEJCTBO TaKMM 00pa3oM,
YTOOBI IPOU3BOJIUTH 3aMep TIyOUH U pacnofiokuTh aHTeHHY GPS BOMM3M U Haj HaTYMKOM-
9X0J0TOM puc.2. PacmoiokeHue IaTdyruKa-dXxoJoTa SBIISETCS BAXKHON COCTaBHOH 4YacThiO
THIPOrpapruecKoro 00CIeOBaHUS M PEKOMEHIYETCS PacIOIOKUTh €ro IO CeperHe
IJIABATEIILHOTO CPEACTBA JUIsl HAUMEHBIIETO BO3JICHCTBUS MOTOPA U TYPOYJICHTHOCTH BOIBI.

% AHTeHHa GPS

dukcaTop TpyObl
K LLEeCTy paryuka

3akpensneHHas
nonepeyHas Tpyba

poBeHb BoAb!
Apadpt

Oartunk j/—’

HcTounuk: PykxoBoncTBO 1o IIPUMEHEHHUIO Oartorpacga «CEEDUCER»>.
http://www.bruttour.com.au

Puc.2. Pacnionioxxenue natymka-3xonora u aureHasl GPS

VYcranoBuB 0azoByto ctanuuio «BASE RTK» Ha reopesnueckoMm nmyHkTe «OCTpOBY,
BBEJM OTMETKY 3Toro myHkta B mo3ummn «HERE» w mpm momomm «RTK ROVER»
OTpeNIeNIUIN KOOPAUHATHI JPYIMX 0a30BbIX TOYEK, KOTOpble OBUIM BBIOpaHBI MpU
PEKOTHOCITUPOBKE, B AKIapHbHHCKOM BOJOXPAaHWIUIIE OBUTH OTPEIeTICHbl 3 0a30BBIX TOYEK.
Panunyc neiicTBus TENEMETPUUECKON AHTEHHBI 7KM.
TapupoBka 3xo050Ta

TapupoBKa AaTUMKa-3X0JI0Ta IPOBOJIMIACK JBa pa3a, 10 MPOBEACHUS OATUMETPUIECKOM
CBHEMKH U T1OCJIE€ KaXKIOro JHS U3bICKaTeNbHBIX paboT (Tal.).

Tabnuma
Pe3ynbTaThl TApUPOBKM 1aTYUKA-DX0JIOTA
Iloxazanue IToka3zanmue 3x0J10Ta (M) Cpennee
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Mo pyJeTKe 1 9 3 3HAYEHHe
(m) (m)
3 2,99 3,01 3,02 3,01
4 4,01 4,02 4,02 4,02
6 5,98 6,01 5,99 5,99
8 7,99 8,02 8,00 8,01
10 9,98 9,99 10,00 9,98
12 11,98 12,02 12,01 12,00
14 13,99 14,01 14,02 14,01
17 16,98 17,02 16,97 16,98
18 17,97 17,96 17,99 17,97
20 19,99 20,03 20,02 20,02

Uctounuk: «batumerpuyeckuil nuentp» MuHncenboaxo3 Pecniyonuku Y30ekucTaH.

[{enpro TeOCTaTUCTUIECKOTO METO/IA SIBJISICTCS MIPOTHO3 3HAUCHUH BEIMYMH HA MECTax,
rZie OTCYTCTBYIOT 3TH JaHHbIC. [ €OCTaTUCTHKA COCTOUT M3 TPYII METOAMK U METOIOIOTHIA
JUIS ~ TPOBEACHWS  aHaIW3a W TPOTHO3UPOBAHUS  3HAYCHHHA  «HMHTEPECYIOIINX)
MPOCTPAHCTBEHHO-BPEMEHHBIX BEIIMYMH Il PEUICHUs MPAaKTUYECKHX 3aaad. PaccMoTpum
METOOJIOTUIO T€OCTATUCTUIECKOTO aHanu3a (puc.3).

1. MepBEOHAaYaNEHbIA 2. PacyeT 3KCNepUMeHTanNb- 3. MNoabop moaenn
CTATMCTUYECKMIA aHaNK3 HOW BEapUOrpammbl EapHOrpamMmbl
e
| w
| 4. WHTepnonAauma Mo 5. PacyeT 06béma
co3aaHnA ceTKM (Kriging) BOAOXPAHMIMLWA

PI/IC.3. 3TaHBI T€OCTATUCTHUUYECCKOI'O ME€TOJ14a B pacque O6’beMa BO,Z[OXpaHI/IJ'II/IH.Ia
2. CO3IAHUE ®ANIA JAHHBIX X-Y-Z

@aiin nanHbix X-Y-Z NOJKEH COJepKaTh MUHUMYM TPH CTOJIOIA CO 3HAUEHUSIMU KOOPIUHAT
(X, Y) u runyounsl (Z). PekoMeHIyeTCcs BHOCHTH 3HAUCHHS JaHHBIX MO CIICAYIOIICH
MocleoBaTenbHOCTH, X-3HaueHus B ctonben A, Y-3HaueHus B cronber] B, u Z-3HaueHus B
cronber; C. IIporpamma SURFER npuaHMaeT 3Ty mocnenoBaTeIbHOCTh 110 YMOIYAHHIO TTPH
pacuerax.
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Ilanenp MHCTPYMEHTOB
Crpoka MeHnio
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Cronben

Crpoka
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Co3nanue HoBoro ®dajisia laHHbIX
s cozpanus B SURFER nrcta ¢ qanHbIME HCTIONb3yeTcst «Worksheet».

Jliist OTKpBITHS OKHA «WOrksheet» u BBo1a YHCITOBBIX 3HAYCHHUN JAHHBIX:

1.Bei6op xomanaet File | New u3 manenun MeHio win Haxxmute Ha Komanay New u3 nanesnu
HHCTPYMEHTOB. 3arem, HaxxmuTe Ha onuuto Worksheet B pamanmoroBom okxHe HoBblit
nokymeHt. Haxxmute va OK.

7 Sustus - 18X

DSl 8o |3

Hoswh asecyvse wr

2. JIns akTUBU3ALMMA STYECHKHU H606XOI[M0 H}KTBHa ;1t1e171 KM WA WCMOJIb30BAThH
KJIaBUILU CTPEJIOK BBEpPX, BHU3, BIEpPEl WM Ha3a/l.

3.Korpa sueiika akTHBU3UPOBaHa, HY’)KHO BBOJAUTH YHCIIOBBIE 3HAUEHUS MU TEKCT.

4. Knapumn BACKSPACE u DELETE moryT ObITh HCTIOTB30BaHbI AJI PEIAKTUPOBAHMUS.
5.Haxxmute Ha ENTER 17151 BBOJ1a TaHHBIX B STUEHKY.

Coxpanurtb Paiia JJaHHbIX

Ilocne BBOOA BceX JaHHBIX:
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1.Bei6op xomannsr File | Save u3 manenu MeHio win HaXMUTE Ha KOMaHAy Save U3 maHeiu
UHCTPYMCHTOB.

2. Ilpu coxpanennn @aiina [[aHHBIX B IMAOTOBOM OKHE Save AS, HeoOX0auMO BBIOpaTh
Golden Software Data (*.dat) u3 crircka BO3MOKHBIX THITOB (haiiyioB.

3. Beenure ums ¢aitna B sueriky Mms @aitna. Haxxmute OK u ¢aiin Oyner coxpanen B

dopmare Golden Software Data [.dat]. ms ¢aiiza mosBUTCS Ha BEpXHEH CTPOKE OKHA
«worksheet».

3. BAPUOTPAMMHOE MOJEJIUPOBAHHUE

OnHOM W3 caMbIX BaXKHBIX YacTEdl TIeOCTATHCTUYECKOTO aHainW3a SBJSIETCS pacder
IKCIIEPUMEHTAILHONW BapHOrpaMMbl M HW3y4YCHHE aHU30Tpomnuu. [l03TOMY, 3TOT acmeKT
TpeOyeT 0COOEHHOTO BHIMAHHS.

Co3znanue Bapuorpammsr (Variogram)

1.Bei6epure omnmro Grid | Variogram | New Variogram.

x

Fle ER Vew Draw Arange M Window Hebp
DEl& [ ITaMNEROOHE

N Varogram... e
i 3 7 T 7 5 7] q 17
Ll L L ™ et

Math.. r
Caods.

Makriz Sevocth,
Spdne Swocth.
thark

Conwert.
Extract
Tranetom.

EryemEaAQ

Vokure
Shee.
LLE

Grks Node Edor,

LWLl L L e i L T L el

e
4 nycx ~ @ (W2nmecsws - | DI2Motelto., + ¥ st - (fhez]

2.Beibepure daiin nannsix Akdaryadata.dat B quasorosom okue Open.
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3.Hactpoiite pmannsie ¢ momompbto ommuu «Data Columns» B Tabymstope «DATA»
auanoroBoro okHa New Variogram, u BeibepuTe HACTPOIKH CETKH variogram B TaOyJsiTope
«OPTIONS».

4.Ilocne cozmanust variogram, JBaKbl HAKMUTE Ha variogram JUisi OTKPBITHSI IHAJIOTOBOIO
okna Variogram Properties. Juanorosoe okuo Variogram Properties no3BosisieT BEIOpaTh
Mozenb variogram (marematuueckyr (YHKIHMIO) B HalleM ciiydae, cepudeckas MOJIEIb
(MHEHas MOJIENb TI0 YMOIYAHHUIO).

¥ Surtur - [Spberical model]

<
DSENS s@ « 3RV | TANFocoOoHa G
Ll Tl oot Lol W Ll Tl Fol o 3 LI L T L T 3

B
= Varegram Modding =
I Varioprom Progerties =]
= =
= Expermentd | Nodel | Suasuice | Pt | .
e [ PURE L r— = 12,
Diecwec [ - - &
» Max Lag Distance: [1600
Tokwares [10 =

Numbseof Lags:  [§ 2

Lap'Wiah 20 ¥ Ao

S0 E

10 3|
Supcw | / Vesscd Sca  [27 I o
Sep W ~

N AN RN I AT O |

Jlnanorosoe okHo Variogram Properties

Tabynsatop «KEXPERIMENTALy

Tabymsarop «Experimentaly B auamoroBom okHe Variogram Properties comepxur
rmapamMeTpsl OKCIIEPUMEHTAIbHOW BapuorpaMMbl: Imar HampasieHusi «lag directiony,
olleHOYHass (QYHKIUS «estimator type», MaKCUMAaIIbHBIHN mIar paccTosHus «max lag distancey,
KOJIM4YeCcTBO maroB «number of lagsy, mmpuna mara «lag width», u BepTukanpHas mikana
«vertical scale».

Omnuus «Direction»

125



Omumst  «Lag Direction» mo3BojsieT paccMaTpuBaTh BapHOTPaMMy B Pa3IMYHBIX
Hanpasnenusx. Omnmus «Directiony ompenenser (okaibHOE HAMpaBiICHUE IMPH pacyere
9KCIIEPUMEHTAIBLHON BapuorpaMmMbl. EnuHuIel n3mMepenus HamnpasieHus: 0° B HalpaBiieHUU
MOJIOXKUTEIBbHOU X-0cHu, 1 90° B HANpaBJICHUH MTOJIOKUTEIBLHOM Y-OCH.

Onuus «Tolerance»

Ota onuus OIpeneNseT pa3Mep YIJIOBOIO OKHAa [Uld IIOCTPOEHUS 3KCIEPUMEHTaTIbHOU
BapuorpaMmsl. Pasmep yrioBoro okHa:

Hanpasnenne + Jlomyctumoe otkiioHenne < Yron <  HanpaBnenue + [Jomyctumoe
OTKJIOHEHHE

HIuprHa MOJHOrO YIJIOBOIO OKHA B JiBa pasza OoJible pa3Mepa JOIMYCTUMOIO OTKJIOHEHHS.
Hanpumep, Jlonyctumoe OTkJIOHEHHE MO yMosdaHuio 90° 3axBaTbIBaeT BCE HalpaBJICHUS.
JlnarpaMMHOE M300pa)kKeHHE TEKYILIEro YIJIOBOI0 OKHA MOSIBIISETCS B JUAIOTOBOM OKHE.

Omnmuu «Step Amount» u «Step Direction»

[Ipu co3manuu MoJenH BapHOTPaMMbl, HEOOXOAMMO MPOCMATPUBATH IKCIEPUMEHTAIBHYIO
BapUOrpaMMy ¥ MAaTEMaTHYeCKyl0 (YHKIMIO BO MHOTHX HampaBieHHsX. [Iporpamma
SURFER 7 no3BonsieT monbp30BaTento UCCIEA0BATh BAPUOTPAMMY BO MHOTUX HAIIPaBJICHUAX
[IIarOM HarpaBlIeHUs] B aHUMHpOBaHHOM Buze. Tak kak, nmporpamma SURFER 7 ucnonbsyer
METOJI BapUOTPaMMHOMN CETKH, KOTOpass MOXXET BBIUYHUCISATH MU MITHOBEHHO BBIYEPUYHBATH
auarpammy. Omiust «Step Amount» yTouHsSeT WHKPEMEHT Iiara HamparieHuss B «lag
Direction» kaxzpiii pas, korja HaxumaroTcs kHonmku «Step CW» wmu «Step CCWh. Tlpu
HakaTuu KHOMKH «Step CW» tiar Hanpasnenus «lag Direction» yMmeHbIaeTcsi Ha BEIMYUHY
(rpanyc) yka3zaHHylo B «Step Amount» u aBTOMaTHYeCKH JuarpaMma BapHOTPaMMBbI
OOHOBIISIETCS, T. €, HANPABJICHUE 110 YacoBOi crpenke. Ilpu Haxkatmm kHOomkm «Step CCW»
rar HanpasieHus «lag Direction» yBenuunBaercst Ha BenuuuHy (Tpaayc) yKasaHHYO B «Step
Amounty u aBTOMaTHYECKH aUarpaMma BapUOTPAMMBI OOHOBISETCS, T. €, HaIpaBlICHUE
MPOTHUB YacoBoi cTpeiku. [leperamuTe auanoropoe okHo Variogram Properties ot rpaduka
BapUOTPAMMEI JIJISl TPOCMOTPA U3MEHEHUH B TUarpamMMe TPy KaKJOM Ha)KaTHH KHOTOK «Step
CW»» nimn «Step CCW»,

Omus «Estimator Type»

IMporpamma SURFER conepxwut uetbipe oreHouHbIX (yHKIwmid: variogram, standardized
variogram, autocovariance, u autocorrelation. Ouenounas ¢pyskiws Variogram ucrnosb3yercs
10 YMOJTYAHHIO.

Omus «Max Lag Distance»

Onmus «Max Lag Distance» onpenensier AIHHY IIara paccTosHUs Ha X-0CH. DTO 3HAYCHHE
HE JIOJDKHO TIpEeBBINIaTh 3HaueHue B omuu «Max Lag Distance» B auamoroBom okHe New
Variogram. 3uauenue B onuuu «Max Lag Distance» yxe onpeneneHo mpu CO3JaHHH CETKH
Bapuorpammel (New Variogram) uisi orpaHu4eHuss MaKCUMAaIbHOW JUIMHBI Pa3/IeICHUs PU
uccnenoBanusx. 3Hadenue B oniuu «Max Lag Distance» onpeneneHHOE B 3TOM JAHAJIOTOBOM
OKHE OTpaHWYMBAET MAaKCHUMAJIbHOE 3HAUYCHHWE JUIMHBI PACCTOSHHS, KOTOpoe Oyner
paccmarpuBaThes Ui co3fanus cetku. OObrgHO 3HaueHwe B ommmu «Max Lag Distance»

126



ompezeracHHoe B TaOymsrope «Experimentaly amamnoroBoro okna Variogram Properties
MeHbIle YeM 3HaueHue B omuun «Max Lag Distance» ompeneneHHOe NpU CO3MaHHU CETKU
BapUOrPaMMBI.

Omnuust «Number of Lags»

Onmus «Number of Lags» ompenenser KOJIMYECTBO HUCIOJIb30BAHHBIX (BBIYUCICHHBIX U
HAHECEHHBIX Ha JAMarpaMMy) ToYeK (IIaroB) jsi MOCTPOCHUS SKCIEPUMEHTAIbHOMN
BapuorpaMmmbl. KonnuecTBo To4ek (11aroB) COCTABISIET 25 MO YMOJIYAHUIO.

Omuus «Lag Width»

[Tpu BkIrOUeHMH OoTMETKH «AUtO», 3HadueHnue B omimu «Lag Width» Oyner aBromarudecku
NpUpaBHEHA YHCIOBOMY 3HaueHHi0 B omiuu «Max Lag Distance» pneneHHoe Ha 4YMCIIO
«Number of Lags». Hanpumep, eciu BBectu umcioBoe 3nauenue 100 B onmmu «Max Lag
Distance» u umcnoBoe 3naueHue 5 B omuuu «Number of Lags», Torma aBroMaTtnyecku
qucioBoe 3HayeHue B onuuu «Lag Width» 6yzer 100 / 5 = 20. B atom cityuae, nepBasi Touka
auarpaMMbl OyJeT BKJIIOYATh BCE Mapbl TOYEK ¢ miaroM paccrosaus ot 0 mo 20m. Bropas
TOYKa JuarpaMMbl OyJeT BKJIIOYaTh BCE Mapbl TOYEK C marom pacctosHust oT 20 no 40M.
HutepBansl pacctosinuii ot 0 10 20, ot 20 10 40, ..., ot 80 10 100; mpu TOM HE MPOUCXOIUT
nepekpbitue. Onnus «Lag Widthy» ucrions3yercst 1uist Criia)kKnuBaHHUs BApUOTPaMMBI.

Omnuus «Vertical Scale»

Omnmus «Vertical Scale» ompenenser pasmep (mmHy) Y-ocu BapuorpaMMbl. Eciii BKITFOUeHA
OoTMeTKa «AUtO» TO TOrAa, BepTHKANbHAs INKala aBTOMATHYCCKH OMPEICIATCS s
BapuoOrpamMMmel. [Ipyu BKIIIOYEHHH OTMETKH «AUt0» BepTHKaNbHAs IIKAa BBIYUCIACTCS MPU
KXIOM pacueTe BapHoOrpamMMbl. [Ipy BBIMOJIHEHHH MIATOBOIO pacyera C HCHOIb30BaHHEM
kHOMOK «Step CCW» unmn «Step CW» BepTHKanbHas Kajaa U3MEHSETCS TP KaXXI0M Iare.

IIpn oTkiroueHHH OTMETKH «AUt0», BepTHKajbHas ILIKajda OCTAETCS MOCTOSIHHOM, T. €.,
qucaoBoe 3HaueHue He uaMensTcd. [Ipu padore ¢ kHonkamu «Step CCW» u «Step CWy» s
MOBOPAYMBAHMS IIara PAcCTOSIHHUS CIIEIyeT BBIKIIOYHTH OTMETKY «AUt0» misi m30eraHws

M3MEHEHUI BEPTHKAIBHOM MIKAJIBI, 3TO MO3BOJISIET BU3YaAIbHOMY CPAaBHEHHIO THATPAMM.
TaGymsitop «MODEL»

Tabynsarop «MODEL» B muanoroBom okue Variogram Properties mo3BosiseT mojib30BaTelto
YCTaHOBUTH  OMNPEJCIICHHYI0 BAapHOTPAaMMHYKO MOJelb © € mapamerpbl. Pacuer
3KCHCpHMeHTaJ’IBHOI>i BapuorpaMmhbl U3 FeHepaHBHOﬁ COBOKYITHOCTH JAaHHBIX, SBJISICTCA
OeCCIOPHBIM MyTEeM ISl OMPE/ICIICHUS] BAPUOTPAMMHOM MOJICITH.

ITporpamma SURFER no3Bomser pazpaborath KOMOMHUPOBAHHYIO BApPHOTPAMMHYIO MOJIEINb.
[Mporpamma SURFER mo3Bossier HeorpaHn4eHHOE KOMOMHUPOBAHNWE HECKOJBKHX MOJEeH
(MaTemMaTn4yeckux (PYHKIHMI) U MOATOMY CYLIECTBYET OOJBIIOE KOJIMYECTBO BO3MOXKHBIX
KOMOHMHAIMI BapuorpaMMHbIX Mojeneil. Haxmute Ha kHomku «Add» u «Removey» s
M3MEHEHMs mapaMeTpoB Bapuorpammsl. CymectByer 10 o0mux mMareMaTuyeckux (yHKIMMI:
Nugget Effect (Oddexr Camopoaka), Spherical (Cdepuueckas), Exponential
(IToxazatenbHas), Linear (JIuneitnas), Gaussian (I'ayccoso), Wave (Hole-Effect) (Boirosas),
Quadratic (KBagparuunas), Rational Quadratic (PannonansHo kBagpartuunas), Logarithmic
(JIorapudmuueckast), u Power (Ctenennas).
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3a MCKIIIOYEHHEM BapuorpaMMHBIX Mozeneit Linear, Logarithmic, and Power (y koTopbix HET
«sill»), mapamerpsr mkanel «Scale parameters» (o6o3navatorcst OykBoi «C» B ypaBHEHHSIX
BapuorpamMMbl) ompenensior «Silly amas BeIOpaHHBIX KOMIIOHEHTOB BapuOorpamMMbl. Takum
obpazom, «Silly Bapuorpammsr cocrout u3 3ddexra camopoaka (Nugget Effect) u rumoc
cymma napamerpoB mkaibl «C». Bo MHorux ciydasx, «Sill» Bapuorpammoit mojenu paBHa
Jucriepcun HabmromaeMbiX qaHHbIxX (Barnes, 1991).

[Tapametpsr «Length (A)» ompenenstor, kKak ObBICTPO yOBIBAET MM BO3PACTACT KOMITOHCHTHI
BapuoOrpaMMbl C BO3pacTaHumeMm Imara paccrostuus. [lapamerp «Length (A)» mis
BapUOrPAaMMHOTO KOMIIOHEHTa WCIIOJB3YETCA JUIA TpajalMyd Iiara paccTosHus. JIs
matematuueckux ¢ynkuuii Spherical u Quadratic, mapamerp «Length (A)» m3BecTeH Kak
JMana3oH BapHOrPaMMBbI.

TaGymsrop «STATISTICS»

Tabynsatop «STATISTICS» B nuanmoroBom oxHe Variogram Properties moka3biBaet
TUCTOTPAaMMBI U THarpaMMbl pa3dpoca JaHHBIX U AJIEMEHTapHbIC CTATUCTUYCCKUE pacyera
JIaHHBIX.

Ommuu  «X, Y, Z Histogram» mnokaspiBatoT pacmpenaeneaiue X, Y, W Z JaHHBIX
COOTBETCTBEHHO. [ HcTOrpaMma mosiBisieTcs cmpaBa K 3TuM onuusaM. Omuus «XY Scatter»
MOKAa3bIBACT paclpe/eiCHHE JaHHBIX B popmare quarpammsl pazopoca.

JIuHeika MPOKPYTKU cripaBa omiuu «Statistics» mokaspiBaeT CTATUCTHUKY MaHHBIX. Haxmure
Ha KHOTNIKY «Reporty 4ro0bl OTKPHITh CTATUCTHUUYECKHE JaHHBIC TEHEPaTbHONH COBOKYITHOCTH
JTaHHBIX U UH(OOPMALIHIO O BApUOTPaAMME B OTACIEHOM OKHE «Ieport».

TaGynstop «PLOT»

MHorue BHU3yaJbHbIE CBOWCTBA AMArpaMMbl BapUOTPaAMMbI U3MEHSIOTCSI STHM TaOyJIsaTOPOM.
MOXHO M3MEHSTh Ha3BaHHE JAuarpaMma, mpudt 3arojoBka B onuuu «Titley. Jns co3nanus
HeckoJbKuX 3aronoBok Haxxmute CTRL+ENTER ans nepenoca Ha crnegytomtyto cpoky. s
aucruies: cuMBOJIOB «Symbolsy, nuaum auarpammer «plot Line», nuHuM BapuorpaMMHON
mozenu «Model liney, muaun aucnepcun «Variance line», moxzaronoska «direction/tolerance
Subtitle», wmu xomuuecTBO Tmap Touek «number of Pairsy, BkIIOYNTE OTMETKH
COOTBETCTBYIOIIMX s4YeeK onuuid. J{as W3MeHeHHs CBOWCTB (YHKIMH HaKMHTE Ha
COOTBETCTBYIOIINE KHOIIKU U BBEIUTE U3MEHEHHS B THAJIOTOBBIX OKHAX.

KoneunbIM pe3ynpTaToM SIBISETCS SKCIIEpPUMEHTalbHAs BapuorpaMma M MaTeMaTudeckas
(GyHKIMS Ha OTHOM JuarpaMmme.
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4. CO3JIAHUSA ®PAIIA CETKH

1. Eciu okno «worksheet» otkpreiTa, HaxxmuTe Ha Komanay Window u3 manenun MeHio u
BeiOepuTe onmuto Plotl. Mimu, aist otkpbiTHs HOBOro okHa Plot ¢ momompio komaner File |

New (Plot Document).

2. Breibepute komanay Grid | Data. [losiButcst okHo Open. Dto mo3BoiUT BeIOpaTh (aiin
nanabix X-Y-Z nist coznanus ¢aiina ceTKu.

¥ Surfer . [Piot2]
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3.Beibepure ¢aitn Akdaryadata.data. Haxxmure Ha Open M MOSIBUTCS TUAIOTOBOE OKHO
Scattered Data Interpolation. Wmu aBaxabl HaxxmuTe Ha MMs (aiiia U TMOSBUTCS TOXKE

caMoO€ JuaJIOoroBo€ OKHO.
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4 Tmanorooe okno Scattered Data Interpolation mo3Bousisier KOHTPOIUPOBATH MApaMETPhI
CO3/IaHUS CETKM 4Yalld BojoxpaHuiuina. HeoOxoaumo, paccMOTpeTh pa3jivyHble ONIUU
KaX/1011 TaOyJIALUHU 3TOTO TUAJIOTOBOTO OKHA.

Tabynarop «DATA» nokasbiBaeT CTonO11b! ¢ KoopauHaTaMu X U Y, ¥ YUCIIOBbIE 3HaUCHUs Z-
TAHHBIX B Qaiine naHapix X-Y-Z.

Taoynsarop «GENERAL» nokaseiBaet onmmto «Grid Line Geometry», koTopoe yka3biBaeT Ha
MaKCUMaJIbHble 1 MUHUMAJIbHbIE 3HAYEHUs CETKU KoopauHat X-Y, MHTepBal CETKH (pa3Mep)
«Spacing», KOJIMYECTBO JIMHUN CETKU (KOJUYECTBO CTPOK M CTONOIOB) «# Of Linesy mms
HCIOJIb30BAaHUS pa30MBKHU CETKU B (ailsie CeTKH.

Omuus «Gridding Method» B tabymstope «GENERALY moka3biBaeT WHTEPIOISIHOHHBIN
METO/1, KOTOPBI Oy/IeT UCIIOIB30BaH U €€ apaMeTphl AJI CO3/IaHUS CETKH.

Omus «Output Grid File» B Tadynsitope «GENERAL» mokasbiBaeT MecTo coxpaHeHust (aiin
CETKH Ha KOMITBIOTEPE.

Onmus «Generate Report» B Tabynsitope «GENERAL)» renepupyer craTHCTUYECKHIA OTYET O
JTaHHBIX.

Tabynstop «SEARCH)» noka3ssiBaeT paanyc NOUCKa JJIs KQKJOTO y3J71a CETKH.

Tabynstop «kFAULTS AND BREAKLINES» moka3siBaeT ums ¢aitia, KOTOpoe COAECPKUT
MHQOPMAIMIO O TEOJOTMYECKHX pa3jIoMax M CABHTAaX B HCCIEAYyEeMOH TEeppUTOPHUU TpPH
CO3JJaHUU CETKH.

5. Haxmute OK. Crpoka TEKyLIero COCTOSHHS BHHU3Y OKHa IIOKa3bIBaeT IPOIrPecc
OPOIEAYPhI CO3MaHusi ceTku. Korma mporiecc CO3MaHusl CETKH 3aBepiieH, (Gailll CeTKu
Akdaryadata.grd, SURFER mnpou3BoauTh 3ByKOBO# CHTHAT O 3aBEpLICHHU CO3aaHus (aiina
cetku. Daiin cetkn mmeet pacmupernne [.GRD]. Ecou Brirrouena onmust «Generate Report»,
TO TOsIBIIsieTCSl HOBOe OKHO oTdera «Data Filter Report».

iriddiﬁg ﬁ§ing Iifiéihg with a sectar seé'rcrﬁirﬁlrlihgfhe grid T | 2% Time rei'néiriiﬁgi 04149

£ nycK ~ G € | & 2poeoanik + | O Wrctpykuna no npi, ., ®¥ surfer - [Plot1]
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5. CO3JAHUE KOHTYPHON BATUMETPUYECKOM KAPTBI
Komanma Map | Contour Map co3iaet KOHTYpHYIO KapTy OCHOBaHHYIO Ha (aiis ceTku:

1. Beibepure xomanmy Map | Contour Map | New Contour Map, mwiM HaxmuTe Ha
uncrpyment Contour. Ilossisercs nuanoroBoe okuo Open Grid. Co3nanublil daiin cetku
Akdaryadata.grd aBromaTtuyecku BHOCUTCS B siuciiky Mwmst daitna. Haxxmurte Ha KHOMKY
Open, u nosiBuTCst quanoroBoe okHo Contour Map Properties.
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2. Tlapamerpbl TO yMongYaHHIO B auanoroBoM okue Contour Map Properties naror
MpUEMIIEMYI0 KOHTYpHYI0 KapTy. KoHTypHas kapra co3maercs NMpH moMoImu (aiiyia ceTKu

Akdaryadata.grd.
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4.M0>XHO U3MEHUTH JIFOOBIC MapaMeTpsl 1 Haxkath Ha OK 1i1s quciutes KapThl Ha SKpaH.

5.J1ns M3MeHeHHs JIIOOBIX MapaMeTpoB KapThl MOXKHO JIBK/BI HAXKAB Ha KapTy, H HOSBHTCS
auanoroBoe okHo Contour Map Properties. Wiu ke, HOKMUTE Ha MPaByIO KHOIKY MBIIIKH,
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U IHOABUTCA AHMAJIOIOBOC OKHO HAXMHUTC Ha Properties U IIOABUTCA AHAJIIOIOBOC OKHO
Contour Map Properties.
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CoxpaHuTh KapTy:

1.Beibepure komanay File | Save win HaxxmuTe Ha nHCTpyMeHT Save. [losiBuTCs 1ruanoroBoe
OKHO Save AS mOTOMY YTO KapTa COXPaHSATCs BIEPBBIC.

2.Beenute ums daiina B sueiiky Mms daiina.

3.Haxxmute Ha Save u ¢aiin coxpanen c pacmupenueM [.SRF]. CoxpanenHas kapra octaercs
Ha JIICIUIee OKHA.

6. BIAHKUPOBAHMUE (BLANK)
Coznanue Onanka (aitsa ceTku

Komanma Grid | Blank ucrnons3yercst 1 yaaaeHuss HEHY)KHBIX Y3JI0B CETKH B MECTax 3a
npejesaMu aKkBaTOpUH BogoXpaHuiniia. Onius OJaHKUPOBAHHE YCTaHABIUBAET KO OaHKa
JUISL ONpeIeICHHBIX TPYII B OnaHke aiina ceTku. BlaHKMpPOBaHHBIE CETKU COMEPXKAT Y3IIbI
CETKH TI0 MIEPUMETPY BOAOXPAHUIIUIIA U TE KEe MAaKCHMAJIbHbIE 1 MUHUMAJIbHBIC KOOPIUHATHI,
YTO U B OpUTHHAJIE (aiiyia CETKH KOHTYPHOU KapTHhl.
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I'panunel GIAHKUPOBAHUS OIpPEACTAIOTCA Kak (Qaitn OmankupoBanus B (Qaitie dopmara
ASCII, xotopoe comepxut 3HadeHuss XY- KOOPAUHAT ONpPEIEIAIOUINX IPaHUIly IepuMeTpa
Bojnoxpanmwinia. Daitn OmaHKMpOBaHWS MOXET ObITh co3man B (aie «worksheet»
nporpamMmbl SURFER. bnankupoBaHue MOXeT OBbITh YCTQHOBJICHO Kak BHYTPH Tak W
CHApYXH IPpaHUIIbl OJaHKHUPOBAHMUS.

Kon-Bo 3nauenunit
KOOpAWHAT

0 — BHyTpH TIepuMeTpa
BOJIOXPaHHUIINIIA
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TescTORHS o pnenT
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brnankupoBaHWe OTMEYaeT 30HBI CETKH WM KapThl C «OTCYTCTBHEM JIaHHBIX». B
ONaHKUPOBAHHBIX 30HAX CETKHU:

- KoHTypHBIC TUHUH OTCYTCTBYIOT.

- OObeMbl U TIIOMIAIN 3epKajia BOIbI HE PACCUUTHIBAIOTCS.

®opmart Paiia bianka

Qaiin Omanka wuMmeroT pacmmpenue [.BLN] wu wucnonw3yroTcss [ TpeaoCTaBICHHS
nH(pOpMaIUU O TpaHMIIE 30HbI OJTaHKUpOBaHMs B (paitnie ceTku. Daitn OaaHka SBISIOTCS haii
dopmara ASCIl ¢ pazmensiromuMu  3amsaThiMH, cojaepkamuit cepun koopauHat (XY-
KOOp/IMHAT) TEepPUMETPa BOJOXPAHHWIHNINA. ETUHHUIEI W3MEpeHHsI YUCIOBBIX 3HaueHWi XY-
KOOpJUHAT SIBJITIOTCS OJTHUMHU U TEMH XK€, YTO U B (haiijie CeTKH.

133



HeobOxonumo, nmepenmenoBath pacmupenne tekcroBoro ¢aitma TXT wa BLN mis coznanus
(haiina OGmaHka.

Otue | B0 | Turs geiicce
Nptocr e serse naroe
MOm Fpummre s AL Beficere e 403 SToM Nkl | [ repema
ﬁ Wargeeezp, "Tatenaal" o TINTEA, 10 S08 Narwast N -
ey | [ — HE | Bt
[ 1[G 9] |
J e eep—— m dsyehutynaey
(] Mevenie NapareTp orOGoaeersm Lo N ~ 63 KE
[Z] Crpemars saumeitrwess cucTerres i Lercnsayer
0 R DO IETINOCO e TWIE T Hdaryadss
@ He noxssemans oxpeme Qs H NIRH i Loy
© Noxadeesars crpeimose Sain u nanvm Hdaryadatelomep
£ Lrpseaseins nepes se0 CTpersAL H N3O e &
@ n g Ko 727 KB
© Noxasesare c6s 40T 1 CiTaforsmars 1 RLerEHO
© Moxaoemars o6 4T =0 0GDA0OTEEErD 1 5 % LS. Lg oreye po ks Abdarya
< 5 0 | 73y
] ) Gy gt of
ot Abdurya Reiervi
1 Phots
N Pty
a2 \

3aKOHYEHHBIH BHJ  OaTUMETPHUYECKOW  KapThl  BOJOXPAaHWIMIIA C  pa3MEIICHHEM
IIOTIIEPEYHUKOB.

Fle E Wew Draw Anange Gid My Window Heb -8 %

DsEns | . IR e TNFooOHA G

PR P AT TR PR P, U VN ECR: RPN P P l..‘,‘wu
=
&
=
P
»
fe
L

sdn mliz ndz oam sm o »bn =ho =

I AR R i

Rutba Selected 2250,5400
€  B2cecsw - O p

7. PACYHET OFBEMA U IIVIOIMAJIN BOAOXPAHHUJINIITA

Beibepute xomanay Grid | Volume mis pacuera oObeMa BOJOXpPAHWIIHINA U TUIOIIAJA
BOJIHOW MMOBEPXHOCTH.

1.Beibepure komanay Grid | Volume mis aucruies quanoroBoro okua Open Grid.
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Compute the vohane under o over & o surface

2. Onpenenute uMms ¢aita ceTku uig pacyera o0beMa W IUIOIIAAM BOJHOW MOBEPXHOCTHU
BOJOXPaHWIMILA.

3.Haxmute Ha OK u nosButcs auanoroBoe okHo Grid Volume. YTounenHslid (haitn ceTku
MO>KHO 0003HAUUTh KaK JUIsl BEpXHEH U HUKHEHN MOBEPXHOCTH.
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4. Jlns pacuera oObeMa M IUIONIAH, HEOOXOJMMO yKa3aTh aOCONIOTHYHO OTMETKY B sYCHKe
ommmu «Constant» s mapamerpa BepxHedr moBepxHoctu «Upper Surface» u ykasath Ha
daiin cetku B sueiike ommmu «Grid Filey mis mmwkaeilt moBepxuoctn «Lower Surface» u
Haxxath Ha OK.

5. MosButcs nuamoroBoe okno Grid Volume Report, rae HeoOXOIMMO HCIOIB30BATH
pesyabtarel B onun CUT & FILL VOLUMES -> Positive Volume [Cut] mist onipeaeneHust
obbema BopoxpaHminina. st ompeaeneHus UIOMaa BOIHON MOBEPXHOCTH HEOOXOIUMO
MCIOJIB30BaTh pe3ynbTarhl B onuu AREAS -> Positive Surface Area [Upper above Lower].
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6. Bribepure xomanny File | Save As s coxpaHeHus: oTueTa B BHIE TEKCTOBOTO (haiiina uiu
MOKHO CKOMHpoBaTh HH(popmanuioo B mporpammy MS Excel mis mocTpoeHHs: KpHBBIX
00BEMOB U IUIOIIAIEH.

7. A1 KaK10i aOCOTIOTHOM OTMETKHU BBICUUTHIBAEM 00BEM U TUIONIA (b BOJTHON TTIOBEPXHOCTH
BOJOXPaHWJIMILA U CTPOUM KpUBbIE 00beMa U Tuiomaau (puc.4).
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M.P. Bakues, III.A. PaxmaTymnaeB. PykoBonacTBo mo npumenenuto mnporpammsl SURFER-7
JUI pacyeTa I0JIE3HOM €MKOCTH BOJOXpAaHWIMIN. TallIKeHTCKUI MHCTUTYT HppUraluu U
Menuopauuu, Tamkent, 2008r., 24c.

AHHOTAIUA:

B nmamsTke mnpuBeneHa MOCIENIOBAaTENIbHOCTH U METOJOJIOTHS CO3laHusd IUPOBOI
0aTUMETPUYECKONH MOJENIM Yallyd BOJOXPAHWIIUINA C HCIIOJB30BAHHEM KOMIIBIOTEPHON
nporpammbl SURFER-7 st pacdera mone3Hoil eMKOCTH BOJOXpaHWIMINA (Ha MpuMepe
AKIapbUHCKOTO BojoxpaHwiuina). (OCHOBHOM 3ajayedl  HMCIOJBb30BAHUSI MPOrPAMMBbI
SURFER-7 sBnseTcs NpOrHO3 W MHTEPIIOANUS 3HAYCHUH BEIMYMH HaA MECTax, TIIe
OTCYTCTBYIOT 3TH JaHHbIE M 00pabOTKa M BU3yaln3alus JByXMEPHBIX HAaOOPOB JaHHBIX, YTO
MO3BOJISIET a) THOCTpoeHue HuGpPOBOM MOJEIM Yallk BOJOXpaHWIUINA, O) ompeaencHUE
00BEMOB M TUIONIAJIA BOJHOM IMOBEPXHOCTH BOJOXPAHWJIMING, a TAaKXKE B) JBYX- M TPEX-
MEpHOE BU3yalIU3allHsl TOBEPXHOCTH BOJHOTO OOBEKTA.

HoBuzHa 3akirodaercss B pacueTe 00beMa BOJOXPAHHWIIUINA C YMCHBIICHHUEM KOJIHMYSCTBA
MOTMEPEYHUKOB, UYTO TMO3BOJIAET YMEHBIIUTH BpeMs H 3aTpaTbl Ha IPOBEICHUE
0aTUMETPUYECKUX 00CIICIOBAHHIA.

AHHOTaANUA

Ocnarmana OkngapécyB omMOOpM  MHUCOIMAA CYB  OOMOPMHUHI  (QoHAamu  XaxMu
y3rapuniwiapuiu anukiiam maxkcaauaa SURFER-7 koMmnblotep gactypunu Kysuiam Oyitnua
yeayouit  kypcarmanap Eputmwirad. SURFER-7  npactypu KYJIIaHWIMIIMHMHT  aCOCHM
Bazu(dacu MawbIymMoTIAp (CyB OMOOpH UyKYpJIMTH) €Tapiu OyamaraH Xojiaria IyKWHIHJIAp
XaMMUHU UHTEPIOJIALMS Ba OalIopaT KUJIHLIL.

Ymby gactyp KyHuaaru Makcajiap/a UIiaTuiaa u:

A) cyB OMOOPHUHUHT KOCACH paKaMJIM MOJICIIMHU TY3HIL;

b) cyB oMOOpHHMHT CyB XaXKMH Ba F03aCUHU KYPUHHUIIWHU aHUKJIAIL;

B) cyB CaTXMHMHT MKKH Ba y4-yI4yaMJId KypUHUIIUHU aHUKIAII.

Ym0y gacTypHUHT WIMHUM SHIWINTH HIyHAad HOOpaTKu — CyB OMOOpH X@KMHUHHHT yiIyalijaa
KyHJIQJIaHI KEeCUMJIAQpHUHI COHM Kamaiasnu Ba Oy y3 HaBOatuaa OaTHOMETPHUK
W3JIAaHUIIAPHUHT 00 OOpuiIMIIMIa BaKT Ba KaM Xapakariapra HSpUIIMIMIINra O0JIn0
KeJlau.

Summary

The instruction discusses procedures and methodology for generating digital bed surface of
reservoir with help of SURFER-7 software in order to estimate useful storage capacity of
Akdarya reservoir. The ma in objective of SURFER-7 is prediction and interpolation of geo-
data in places where with no data available and treatment and visualization of data for a)
construction of digital bed surface model of reservoir; b) estimation of useful storage reservoir
capacity and area; ¢) 2-D and 3-D visualization of generated bed surface of reservoir. The
innovativeness of the approach is estimation of reservoir useful storage capacity with decrease
in number of cross-sections which in turn decreases time and expenses for conducting
bathymetric research studies.
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[Tpunoxenue 4
KaJII)KYJISIIII/ISI CTOUMOCTHU OIIPCACIICHHUA 00BEMOB BOJOXPAaHUINILL BaTI/IMeTpI/I‘-IeCKI/IM
[lenTpom
Appendix 4. Cost calculation of reservoir volume estimation by Botiometrik Markaz
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Abstract This paper analyses groundwater resources use
and management in the socio-economic context of the Amu
Darya River Basin which covers a part of the following
landlocked Central Asian countries: Afghanistan, Tajiki-
stan, Turkmenistan and Uzbekistan. These agrarian nations
for sustaining their vital agricultural productions started to
use groundwater during the recent drought years (1998—
2001) because of its relatively good quality and quantity
and as an alternative to highly mineralized surface waters.
Present extent of groundwater resources use is discussed
with consideration to their reserves, quality, and institu-
tional management and transboundary aspects within the
basin. After the collapse of the centralized water resources
management system and infrastructure of the former Soviet
Union, new underdeveloped systems are being practiced
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Introduction

In Central Asia, the Amu Darya River Basin (ADRB)
which namely covers part of Afghanistan and the former
soviet republics of Tajikistan, Uzbekistan, and Turkmen-
istan, groundwater resources are becoming an alternative
source of supply for irrigated agriculture and livestock
ranching especially in the events of recent droughts and in
the context of highly contaminated surface waters due to
high levels of salts and pesticides coming from irrigated
lands. Due to their climatic characteristics, economic
development strategies and geopolitical situation, ADRB
countries have been experiencing everlasting competition
over water resources. Mostly arid, these agrarian countries
pursue their own development and integration into the
global community through expanding irrigated lands,
growing cash crops such as rice and wheat for meeting
their domestic food security but also to export a large part
of some productions like cotton.

Groundwater resources were not widely used for irri-
gated agriculture in Central Asian Republics (CAR) during
the soviet period due to sufficient amount of surface water,
reliable water supply, and irrigation infrastructure deliv-
ered to the farmers. Thus, the groundwater resources were
used primarily for livestock sector and very site-specific
purposes for example drinking water supply in both urban
and rural areas. During the pre-independence period, water
allocation and irrigation system infrastructures were well
maintained and operated with massive funding coming
from the central government.

Since the independence of the CAR, the situation has
changed dramatically in terms of institutional, political,
and technical systems. Political transition from planned
economy to market has introduced “new” concepts like
land tenure, water rights, and different kinds of ownership.
The institutional changes are described as transition from
former state collective farms kholkhoz and sovkhoz into
smaller forms of present private farms. But many farmers
were not in the capacity to pump and irrigate lands on an
individual basis.

In a very different situation, Afghanistan has tradition-
ally relied on surface water and groundwater springs and
karezes in irrigated agriculture. According to the estimates
of International Water Management Institute (IWMI), the
share of groundwater irrigation of the cultivated area is
11.5% of the total in Afghanistan (Shah 2007). During the
recent drought years (1998-2001), the use of deeper
groundwater, abstracted via pumped dug wells and bore-
holes has increased rapidly. Private farmers have drilled
many of these new wells and boreholes, and in some areas,
groundwater abstraction rates are already exceeding, or will
soon exceed, sustainable groundwater resources (Banks and
Soldal 2002; Uhl 2003; Masood and Mahwash 2004).

@ Springer

Groundwater overdraw is not everywhere the case in
ADRB but the water drought experienced in 1998-2001
has encouraged people to consider groundwater as an
alternative to the declining surface water resources. Then
many farmers, who could afford, started to exploit
groundwater for the irrigation purposes and mainly to
sustain the production during low flow periods and main-
tain the salinity of irrigation water compatible with
agriculture. In addition, it should be stated that from the
quantitative point of view shallow groundwater is a reliable
source of water and people who are distant from source of
surface water can obtain it easily for the watering of their
fields.

The main goal of this paper is to document and analyze
the new realities of the groundwater use both quantitatively
and qualitatively in the basin in current settings and to
overview main issues and perspectives for sustainable
interstate use of groundwater resources as a strategic
potential in reducing the poverty in ADRB countries.

Amu Darya River Basin characteristics
Physiography

The Endoreic Basin of Amu Darya River is located in the
inner part of the Eurasian Continent (Fig. 1). The catch-
ment area comprises 534,739 km? (Water Resources of
USSR 1971). 61% of the catchment area lies on the terri-
tory of the former Soviet Union and flows through the
territories of the new independent states of Tajikistan,
Uzbekistan, and Turkmenistan and 39% on the territory of
Afghanistan (Water Resources of USSR 1971; Uhl 2003).

The Amu Darya River is formed by the confluence of
the Pyanj and Vash Rivers in the Pamir Mountains and
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Fig. 1 Map of the Amu Darya River Basin and location of main
irrigation areas
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discharges into the Aral Sea after a run of 2,550 km. Two
Rivers, Zaravshan and Kashkadarya, are related to Amu
Darya in term of water catchment characteristics but do not
discharge into the Amu Darya River (Mirzaev 1974;
Masood and Mahwash 2004). The Amu Darya watershed is
divided into two unequal parts, a large north-western part
where plains are dominant and elevations not greater than
200 m and a smaller south-eastern part characterized by
high mountain ranges of 5,000-6,000 m of Central Pamir
and Tian Shan. The presence of these high mountain ranges
facilitates the formation of great water courses despite the
very arid conditions of the region since it can accumulate
atmospheric moisture, and behave as a huge feeding res-
ervoir. The major part of the territory of the ADRB is
composed of desert—steppe areas. The juxtaposition of
mountains and deserts exerts a great influence upon the
hydrogeological conditions, thus favoring the formation of
considerable groundwater resources in a number of arid
regions. The proximity of mountains and deserts in Central
Asia determines the existence of two subtypes of ground-
water formation in arid conditions: autochthonous and
allochthonous (Ostrovsky 2007). The autochthonous sub-
type is developed in regions not influenced by mountainous
systems and is characterized by groundwater formation
from in situ water resources, and mainly from precipitation.
The allochthonous subtype is typical of deserts where
groundwater is formed under the influence of mountainous
systems. It is commonly held that arid zones are charac-
terized by the presence of basins that have no runoff to the
ocean and where all precipitation is used up through
evapotranspiration. However, if arid zones are considered
within their climatic boundaries, then the balance of pre-
cipitation and evaporation cannot be equilibrated, as the
total amount of evaporation also includes evaporation of
both surface runoff and groundwater discharge from
mountainous humid regions (Ostrovsky 2007).

Hydroclimatology

The north-western plain of Central Asia is characterized by
very hot summer (mean July temperature about 25.5°C)
and cold winters (mean January temperature about 2.4°C).
The ADRB is open to the dry air masses formed in Arctic
and Siberia coming from the North. As they are blown
towards western and southern parts of the basin these cold
air masses are heated and then can encounter tropical air
masses coming from the south. Unstable winters over the
region are resulting from this mixing front between dry
cold air masses and tropical warm air masses (Aizen et al.
2001).

The basin is characterized by uneven distribution and
quantity of precipitation. The average mean annual pre-
cipitation over the basin is about 170 mm (Shultz 1949),

with great contrast between north-western steppes
(100 mm/year) and mountainous areas of the south-eastern
(1000 mm/year). The important role of mountains and
glaciers should be pointed out as these areas can store
precipitation as snow and ice and deliver it through sum-
mer melting to rivers and associated alluvial aquifers
during dry season (July and August). On an average 96% of
the basin area receives approximately less than 300 mm/
year (Shultz 1949) and most of the rainfall occurs in winter
and spring from December to April.

The dominant process in this very arid region is
evapotranspiration which can potentially amount to 1,500-
2,000 mm/year (Létolle and Mainguet 1993; Nezlin et al.
2004) and is responsible for the loss of great volumes of
water.

Hydrogeology

The region is characterized by very complicated hydro-
geological conditions. At first, the complex geological
history of the Pamir and Tian Shan Mountainous area is
responsible for a huge diversity in term of aquifer and
water bearing sediments. These regions are composed of
Palaeozoic, Mesozoic, and Cenozoic formations and sig-
nificant shallow groundwater resources are located in
valleys, where 10-100 m thickness deposit of semi-con-
solidated coarse to medium Quaternary sediments have
accumulated. In the piedmont area fresh confined ground-
water can be found in the peripheral parts of Quaternary
debris cones. Deeper aquifers in carbonate rocks (depths
from 700 to 800 m up to 1,000-1,200 m) contain thermal
water, widely used in Tajikistan and Uzbekistan for
medicinal purposes and bottled as table mineral water
(Shultz 1949).

Plains region of the ADRB are covered by alluvial sand,
loam, and clay dating from the Quaternary and Pliocene
and that can be interstratified, giving birth in some places
to confined or semi-confined aquifers. Groundwater in
these surface formations are strongly hydraulically con-
nected to Amu Darya River and mainly recharged by losses
of rivers (allochthonous river runoff), irrigation canals, and
irrigated fields. A lot of shallow aquifers are salinized
(1-10 g/1) or involved into salinization processes. Salini-
zation results from agricultural practises but is also related
to the sodic nature of soil like solonetz and solontchaks. It
must be noted that groundwater mineralization tends to
decrease with depth (Ostrovsky 2007) and that minerali-
zation processes are strongly correlated to groundwater
level rise caused by irrigation.

Confined aquifers can be found in the deep Cretaceous
sandstone formations of the Aral Sea area and provide
artesian waters. In some parts these deep groundwater can
show high mineralization which prevent them from any
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use. Mineralization can even reach values around 25-50 g/l
at depth close to the Aral Sea region (Water Resources of
USSR 1971).

In the Soviet times, groundwater resources were
explored for the purpose of irrigation. Although they proved
to be abundant, the primary focus was placed on the use of
surface water. In Central Asia, groundwater constitutes a
resource of fresh water that is comparable or exceeds sur-
face waters in terms of volume. In many places this
renewable resource can be effectively utilized with simple
wells, which may, particularly, work as artesian wells in the
lower parts of mountain slopes and mountain valleys.

Groundwater reserves and extraction
Groundwater reserves and use

Groundwater resources can be classified according to their
recharge processes, two main classes can be distinguished:
(1) groundwater formed under natural conditions in the
mountain zone and catchment areas by infiltration of
rainfall (autochthonous groundwater) (2) groundwater
formed from the infiltration losses from irrigated areas in
the rest of the ADRB (allochthonous groundwater). The
total regional groundwater reserves are estimated to be
25 km®/year (Mirzaev 1974) which represents about 58%
of the Aral Sea Basin reserves (Table 1).

Groundwater’s and surface waters are strongly hydrau-
lically connected one to another, and according to an
established system in the ADRB groundwater availability
is characterized by the so called “natural recharge capac-
ity” which can be considered as the regional operational
reserve (Water resources of USSR 1971). This is a poten-
tial yield of each aquifer, which under the pressure of
anthropogenic factors can be reasonably tapped in order to
satisfy the needs. This is based on both the existing
installed pump capacity and the level of knowledge of the
aquifer recharge characteristics. “Approved capacities”
confer the right to design and construct new withdrawal
points (Table 1).

Agquifers in Uzbekistan and Tajikistan are relatively the
most intensively exploited. About 99% of approved
groundwater reserves are used in Uzbekistan, whereas in
Tajikistan and Turkmenistan only about 30-40% are used
for various purposes (Table 1). This can be explained by
both intensive groundwater abstraction infrastructure in
Uzbekistan with funding from the central government in
irrigated areas and by uncontrolled water extraction by
local farmers and the population in more isolated areas
which tend to tap the aquifers to the maximum of their
possibilities.

In Turkmenistan, about 134 large groundwater bodies
can be identified and used for various needs (Khatamov
2002; Orlovsky and Orlovsky 2002). The total intake of
groundwater resources varies from 4.7 to 6.7 km*/year out
of which 45% is used for drinking supply, 30% for irri-
gation and rest for livestock ranching. Groundwater from
the first water-bearing horizon serves as a major water
source in the desert areas. In 1994, according to different
sources, there were from 5,695 to 6,138 water wells and up
to 619 boreholes, which supplied water to about 68% of
pastures (Babaev and Kolodin 1995; Babaev and Kolodin
1997). In the recent years, a number of new water wells
were built, but at the same time the old ones were
destroyed. So the exact number of functioning wells and
boreholes is now unknown.

In Tajikistan, many groundwater bodies can be identi-
fied in the very complex structural framework of the
country but all limited in term of extension. According to
the National Hydrometeorological Agency, the total
amount withdrawn annually is about 2.372 km® in 2004
(Table 2) without negative impact since the approved
reserved are about 6.972 km> (Salimov 2001). About 40%
of groundwater is used for irrigation and about 49% for
domestic drinking supply. In 1994, the total numbers of
wells was 4,795 and out of which 511 are wellspring and
4,358 are operational wells (Orlovsky and Orlovsky 2002).

In Uzbekistan, around 94 major aquifers can be identi-
fied with a total groundwater volume of about 18.9 km?,
this includes 7.6 km® with mineralization of up to 1 g/l and
7.9 km® with mineralization from 1 to 3 g/l. 85% of the

Table 1 Groundwater reserves

and their use by states in ADRB Country Est}mated Approved Fa}ctual ' Use category
. 3 regional reserve reserves for use withdrawal in — —
in km*/year (UNDP 2007) 1999 Drinking Industry Irrigation
water supply
Tajikistan 18.7 6.02 2.29 0.485 0.200 0.428
Turkmenistan ~ 3.36 1.22 0.457 0.210 0.036 0.15
Uzbekistan 18.45 7.79 7.74 3.36 0.715 2.15
Total, Aral 43.48 16.93 11.037 4.30 1.08 4.04
Sea Basin
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Table 2 Groundwater recharge and withdrawals in the ADRB (UNDP 2007)
Country Average annual groundwater recharge Annual groundwater withdrawals
Total (km?) Per capita (m%) Year Total (km?) Percentage of Per capita
years vary year 2000 annual recharge (m?)
Afghanistan 29.0 127 - - - -
Tajikistan 6.0 970 1994 2.3 37.7 398.7
Turkmenistan 34 753 1994 0.4 11.9 100.3
Uzbekistan 19.7 809 1994 7.4 37.6 3343

groundwater resource is recharged from surface water and
only 1/3 is formed on the territory of neighboring countries
and which could be called as “transboundary” groundwater
resources (Mirzaev 1974; Borisov 1990). The percentage
of groundwater used in irrigation amounted to 6.4% of the
total irrigated land in Uzbekistan. Limits to groundwater
abstraction for each aquifer in Uzbekistan have been
established in order to avoid significant consequences to
surface flow reduction. This quantity is estimated at
6.8 km®/year for Uzbekistan. However, the actual
groundwater abstraction is slightly superior (estimated at
7.5 km*/year) and thus tends to lead to a surface flow
reduction (Kazbekov et al. 2007).

The great aquifers or regional operational reserves of
Uzbekistan have been primarily identified according to
drinking water standards. For example, for the 1965-1995
period the fresh drinking groundwater resources in Uzbe-
kistan have decreased from 471 to 294 m’/sec and
comprise only 34% of total groundwater resources com-
pared to the 56% of total groundwater resources it
represented in the past (Borisov et al. 2002). In 2001, total
extraction of groundwater decreased by 4.9% and irrigation
by 10.4% in the Uzbek part of the ADRB in comparison to
1995. The observed decrease in extraction is due to the
reduction of operation hours of wells, worn out of pumping
systems and bad condition of wells. In comparison with
1995 the total withdrawal decreased by 38.7% (Borisov
et al. 2002).

On the other hand, groundwater reserves increased from
844 to 853 m>/s in Uzbekistan from 1995 to 2001 (Borisov
et al. 2002). The increase is explained by the development
of irrigated lands. As a result of infiltration of water losses,
the level of groundwater of unconfined aquifers began to
rise also entailing the dissolution of salts contained in the
upper part of soil profiles (Kitamura et al. 2006; Northey
et al. 2006). This is particularly true in the lower reaches of
Amu Darya River where the groundwater resources were at
15-20 m depth in 1980s and started to rise 1-1.5 m depth
in early 2000 (Borisov et al. 2002).

The surface of irrigated areas with high groundwater
table level has increased by 21% in ADRB (Table 3) that is

Table 3 Irrigated lands with high groundwater table level in ADRB,
evolution from 1990 to 1999 (FAO 2007)

Country Areas with a Increase (%)
water table (1990-1999)
<2 m (10° ha)

1990 1999

Tajikistan 92 111 21

Uzbekistan 670 801 20

Turkmenistan 528 654 24

Total 1,290 1,566 21

to say from 1.29 million ha in 1990 to 1.56 million ha in
1999 in CAR (UNDP 2007).

After the drought of 1998-2001 groundwater use has
increased in lower reaches of ADRB. For instance, the
Government of Uzbekistan has issued special decrees to
overcome the consequences of the drought. The main
purposes of the decrees were to drill 2,600 shallow wells in
rural districts for population needs. The second purpose of
these measures was to repair old wells that were used for
both agriculture and drinking water supply (Kuchuhidze
et al. 2003).

Groundwater extraction methods

Groundwater extraction methods in Central Asia are much
contrasted and can go from the traditional karezes systems
in Afghanistan to modern pumping plants in Uzbekistan.
Karezes are human-made underground channels com-
mon in Afghanistan. They are often very old, having been
constructed several hundred years ago. They are typically
located in the foothills of mountain areas, but can be
constructed anywhere where the water table is relatively
shallow and where there is a consistent slope of the terrain.
Karezes essentially skim water off the top of the water
table. This means that, in effect, it is practically impossible
to overexploit an aquifer using karezes (Fuchinoue et al.
2002). On the negative side, they are extremely vulnerable
to even relatively small drops in the water table caused by
climatic factors or pumping of nearby wells. Karezes may
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be used for irrigation and drinking water. Due to decline in
water table related to the current drought in Afghanistan,
flows available for irrigation from karezes have become
inadequate in many areas and farming viability is suffering.
Thus, dug wells and boreholes are typically drilled at
shallow depth (up to 20 m) in Neogene and Quaternary
sediments (Banks and Soldal 2002). They may be used for
drinking water or for irrigation purposes and most of the
time fitted with hand pump. In some areas, artesian aquifer
may exist at depth. In this case, pumps are not required in
boreholes; they simply overflow under their own pressure.
In the Mazrah area of Guzara District (Herat), private
irrigation boreholes drilled to 60-65 m deep encounter
artesian resources of fresh groundwater. Typical yields of
about 51/s flow uncontrolled for 24 h/day from these
boreholes. Such uncontrolled overflow is extremely unde-
sirable from a water resource point of view (Banks and
Soldal 2002). For irrigation, most of the lands were irri-
gated either by surface water or by groundwater from
karezes or natural springs. This situation is rapidly
changing. Lift irrigation is new technology and, although in
overall terms it still accounts for a relatively modest share
of total irrigated land, its use is growing explosively.

For the CAR the major share of groundwater extraction
is coming from borehole and dug wells thanks to heavy
equipments developed during the soviet period and still
operating in many places. According to Uzbekistan
Research Institute on Hydrogeology and Engineering
Geology (HYDROENGEO) and Ministry of Agriculture
and Water Resources of Uzbekistan, the extraction of
groundwater is made mainly from borehole but at very
different depth and with many kinds of design, mainly
inherited from Russian technologies. Extraction of shallow
groundwater up to 6.0 m is operated manually, deeper
unconfined aquifer (30-150 m) from Quaternary are
exploited with electrical submersible pumps of varying
capacity of 10-70 I/s (Borisov 1990).

Cost of groundwater extraction

According to the HYDROENGEO Institute, the use of
groundwater is not economically profitable for irrigation
due to its high extraction costs and economic inefficiency
in Uzbekistan (Mirzaev 1974; Borisov 1990). The global
production cost per 1 m® of groundwater is about 0.5-1.0
US$ (UNDP 2007). Cost per 1 m® of surface gravity irri-
gation for a farmer is estimated to be 0.13-0.15 US$, and
in the areas of pumped irrigation is about 0.3 US$ (UNDP
2007). Thus, production cost in the case of groundwater
exploitation is clearly higher than that of surface water
exploitation.

However, the use of groundwater resources for irrigation
purposes is justified in water scarce conditions and in
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special places of the territory of Central Asia. For instance
in the ADRB by 2003 approximately 27,000 boreholes
were drilled to counterpoise the pernicious effects of the
drought, with depth varying between 50 and 500 m with a
cost of drilling for one borehole ranging within 500-2,000
USS$.

Decentralized water supply of rural population, espe-
cially downstream the Amu Darya River, is provided by
unconfined groundwater resources coming from shallow
wells of 15-20 m. Extraction of groundwater is manually
operated with hand pumps which cost’s about 100 US$
each. The drilling and equipment of the tube with steel
pipes can reach about 100-150 US$ in unconsolidated
sediments like sands (UNDP 2007).

In Afghanistan, according to Banks and Soldal (2002),
dug wells are typically 3—4 times cheaper than boreholes.
Typical drilling prices in Afghanistan are 5-6 US$/m in
soft strata, 12 US$/m in hard strata. In some parts of
Afghanistan, where the demand is high, prices can reach
18-20 US$/m (Banks and Soldal 2002) and are thus ded-
icated to a very limited number of people who can afford
such prices.

Groundwater and agriculture
Massive irrigation

Irrigation in Central Asia and particularly in Uzbekistan
relies on a system of pumps and canals which is among the
most complex in the world. Cotton and wheat are the major
crops in the ADRB followed by maize, vegetables, and
fruits. As previously said with annual rainfall of 100—
300 mm, the CAR’s climate is that of the dry mid-latitude
desert, with a continental climate that is characterized by
hot summers and cold winters. Thus, agricultural produc-
tion in Central Asia is predominantly based on irrigation,
which makes irrigation water supply and management the
major factors limiting crop yields in the region (Ibragimov
et al. 2007).

Agriculture is the dominant sector of the economy in the
ADRB countries, employing from 44 up to 80% of the
workforce (Table 4). This sector contributes to the basin
countries Gross Domestic Product (GDP) from 16 up to
36% with an average of 26% over the basin. All of the
ADRB countries are landlocked with arid climatic condi-
tions and agricultural lands are heavily dependent on
irrigation to insure acceptable production. Almost all of the
agricultural lands are irrigated in Turkmenistan, while the
average is around 75% in the other basin counties. Climatic
conditions and recent droughts coupled with increased
deteriorating quality of surface water prone water users to
use more groundwater resources. The Table 4 summarizes
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Table 4 Main characteristics of agricultural sector of the ADRB
countries (FAO 2007)

Country Share of Share of Irrigated Share of
employment agriculture  land irrigated to
in contribution (million ha) the total
agriculture  to GDP (%) Amu Darya cultivated
(%) Basin land (%)

Afghanistan 80 36.1 1.16 50

Tajikistan 67.2 23.6 0.43 17

Uzbekistan 44 273 2.48 80

Turkmenistan 48.2 16.7 1.74 96

the main characteristics of agriculture and irrigation in the
ADRB countries.

In Afghanistan, the estimated annual groundwater volume
used for irrigation is minimal (1 km®/year) in comparison
with the groundwater recharge estimate (2.97 km’/year)
indicating a significant surplus of groundwater reserves in
this part of the ADRB and the real potential for future
development of groundwater resources for irrigation (Uhl
2003). The total withdrawal of groundwater in Uzbekistan
for 2003 is about 2 km>/year and it is used at 40% for
irrigation purposes (Kazbekov et al. 2007). In Turkmenistan,
agriculture is almost impossible without irrigation as shown
in Table 4 and as a consequence this country is mostly
impacted by pernicious effects of liftirrigation. From 1986 to
1998 strong rise in the water table was recorded with an
increase from 7 to 41% in the surface of farming land with
groundwater level less than 2 m.

In Tajikistan, the structure of agriculture is still heavily
centralized and big collective farms are operating complex
wells and irrigation systems. In 2000 there were roughly
1,000 operational boreholes and numerous wells that
totaled 0.428 km*/year discharge mainly used for irrigation
purpose. According to Salimov (2001) about 30,000 ha of
lands were irrigated with groundwater resources.

Livestock rearing

In the Uzbek desert and mountain zones of the ADRB,
numerous small settlements can be found. These territories
are part of pasturelands. The mountain pasturelands have
available groundwater resources but in most cases these are
in poor conditions from pollution and contamination point
of view. The livestock rearing under the desert conditions
is off course limited by the water supply availability even if
in general, water supply of pasturelands requires very little
quantity of water (from 10 to 25 m’/day) for cattle
watering ponds (Babu and Toshmatov 2000).

In Tajikistan, water supply of pasturelands for livestock
ranching is supplied by both surface and groundwater
resources. The vast areas of the foothills of the Central

Tajikistan, plains of Pamir, and South-Tajik depression are
rich winter pasturelands, the groundwater reserves can here
supply millions of animals (Babu and Toshmatov 2000). At
present time, just a limited part of available pasturelands is
used for ranching alongside of streams and large springs.

In Turkmenistan about 5,200 wells, 50 boreholes, and
330 springs are used to water the cattle. We must also point
out the use in this country of more than 600 takyrs as
collectors of atmospheric precipitation (Orlovsky and Or-
lovsky 2002).

Groundwater quality

The two major land quality problems in the ADRB are the
interrelated issues of salinity and waterlogging caused by
high groundwater levels, only 50% of the irrigated land is
classed as nonsaline (Banks and Soldal 2002). In the upper
reaches of the ADRB, less than 10% of the land is saline or
highly saline, while downstream (especially in Kara-
kalpakstan) about 95% of the land is saline, highly saline or
very highly saline. Salinity is closely related to drainage
conditions. Moreover, a reduction in the quantity of water
allocated to each farm, lower water quality, and the decay
of companies responsible for maintaining the drainage
network have resulted in increased salinization. Though
loss of crop production due to soil salinization is important
but salinized lands are generally still cultivated since no
alternatives are available at present time (Heaven et al.
2002).

Less than 10% of the CAR’s groundwater volume has a
salinity level less than 1 g/l, equivalent to the highest
quality irrigation water (FAO 2007). Overall, most
groundwater has salinity levels between 1 and 3 g/l with
approximately 15% showing values between 3 and 5 g/l
and nearly 27% having salinities >5 g/l (Chembarisov and
Bakhritdinov 1989; O’Hara 1997; Gadalia et al. 2005).

In Uzbekistan, the regional operational groundwater
reserves in 2003 comprised 9.17 km?/year out of which
groundwater with mineralization lower than 1 g/l consti-
tutes only around 30% and the rest of groundwater of
1-5 g/l

Shallow groundwater sources have become increas-
ingly salinized in the lower Amu Darya River in 2001.
Several bore and open wells that were used as potable
water supply sources have been recently abandoned
because of increased salinity, thus preventing from any
drinking use. Many wells were also recharging much
more slowly than in the recent past and providing lower
yields. As a consequence, queues at wells were increasing
and the amount of water available for daily withdrawal
was decreasing at many sites (Medecins Sans Frontieres
2001).
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The dramatic change in the quality of groundwater
resources observed in some places of the basin is linked to
irrigation and melioration of lands; and reallocation and
extraction of river flow (especially since 1965). Discharge
of collector-drainage water into the river systems, its re-use
and chemization of agriculture has led to regional pollution
of unconfined groundwater resources by salts, nitrates, and
pesticides (Papa et al. 2004). Such water consumption
patterns are well reflected in temporal changes in ground-
water depth and salinity, which both showed a rapid
increase in the late 1990s. The overall spatial distribution
of groundwater salinity shows also strong spatial associa-
tion with the type of aquifer rock and with the distance
from the river along the main irrigation canals (Ibragimov
et al. 2007). Coarser sediments showed higher groundwater
salinity than finer sediments. Groundwater pollution occurs
progressively from upstream to downstream along the river
stream. The mineralization of shallow groundwater in
upstream of Amu Darya River is about 1-3 g/l and in
midstream and downstream it can increase up to 5-20 g/l
(Crosa et al. 2006a, b). This increase is the direct expres-
sion of the intense development of irrigation and drainage
systems for the last 40 years and the consecutive mobili-
zation of large amounts of salts already present in soils or
added via agricultural practises.

In the whole ADRB man-caused influence have lead to
pollution and to the decrease of groundwater resources and
operational reserves of fresh groundwater resources on an
average, for the last 30 years, by 0.17 km*/year or in total
by 5.1 km?® in Uzbekistan (Borisov 1990). Contamination
levels registered in both surface and groundwater are so
high that it is not possible to count on any natural purifi-
cation process from percolation and infiltration of
groundwater through the soil (UNDP 2007). Despite this
fact, farmers are forced to continue to use groundwater for
agriculture, domestic, livestock, and drinking purposes
since no other water resources can be exploited.

In the lower Amu Darya (part of Uzbekistan and
Turkmenistan), the groundwater quality is also deteriorated
in rural areas due to very poor sewage systems. Tradi-
tionally, all rural households have their toilets in close
vicinity (10-30 m away) from their houses and as a con-
sequence shallow groundwater is very often contaminated
by sewage.

Due to this reduction of high-quality water resources by
30-40% compared to 1965-1970, the government of
Uzbekistan undertakes extreme measures involving the
creation of highly protected territories of groundwater
resources with the aim of improvement of groundwater
quality. With limited use of manure and pesticides and
respectful development of local industry, these measures
will tend to regulate and to reduce the water use in the
national economy. These measures also include the
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renovation of the available wells which are often in very
bad condition, the construction of new wells and the
installation of new efficient pumps and efficient convey-
ance systems.

Transboundary groundwater issues
Problems coming from groundwater sharing

Groundwater regimes and quality are determined both by
natural factors and by the level of abstraction; it doesn’t
depend on administrative boundaries (UNESCO 2001). As
such, the management of internationally shared ground-
water is of special importance in the ADRB (Struckmeier
et al. 2006). Transboundary groundwater is assumed to
include: aquifers which are located in two or more coun-
tries; and aquifers which are used in combination with
surface water, and for which changes in extracted volumes
may lead to changes in surface water quantity and use.

The combined use of both groundwater and surface
water can be beneficial where long term sustainable
groundwater extractions (not exceeding the natural
recharge) replace scarce surface water resources (Zaisheng
et al. 2008). However, if aquifers are not properly man-
aged, many negative effects may occur: rise of
groundwater levels and deterioration of soil conditions;
local draw-down of groundwater levels around extraction
points thus reducing surface water availability; pollution of
aquifers because of human activities such as mining,
treatment of industrial waste water, cattle-breeding; and
overexploitation and long term damage to the groundwater
potential.

These effects have local impacts, which may extend to
the territories of neighboring states. Often, measures which
provide positive effects on the territory of one country like
irrigation of new areas, canal construction, and public
water supply development, lead to negative effects in
adjacent countries and preventive measures in the affected
states may be expensive and may take several decades to
become effective, essentially due to political reasons.

About 30% of the 338 aquifers of the ADRB area are
international, but they represent the majority of the
extracted groundwater. The main international aquifers
areas include the area around the Tuyamuyn reservoir and
its supply canals between Turkmenistan and Uzbekistan;
the piedmont zone in the Hungry Steppe with shared
aquifers between Tajikistan and Uzbekistan; and aquifers
on the border between the Kashkadarya oblast of Uzbeki-
stan and the Lebab velayat of Turkmenistan. Obviously,
conflicts may arise for many reasons in these regions. The
main ones are the lack of proper groundwater accounting
and registration of installed pumps and the lack of proper



Environ Earth Sci (2010) 59:1183-1193

1191

Table 5 The different groundwater management organizations in ADRB

Country Surface water Groundwater Other relevant agency
Afghanistan Ministry of Water and Power Ministry of Mines and Industry
Tajikistan Ministry of Melioration and Water State Hydrologeological Service Ministry of Environmental
Resources Protection, Tajikistan Public
Water Supply Service
Uzbekistan Ministry of Agriculture and State Committee on Geology and State Committee on Safety in
Water Resources Mineral Resources Industry and Mining for
Thermal and Mineral Waters
Turkmenistan Ministry of Land Reclamation and Ministry of Geology Ministry of Environmental

Water Resources

Protection

groundwater assessments, both in the design studies and in
practical operations.

Groundwater response times generally include a delay
of 1-2 years, and for some areas even of 3, 5, or 10 years
or even sometimes centuries or millennia for confined
resources (Huneau et al. 2001; Kazbekov et al. 2007). It is
then difficult to establish the direct influence of ground-
water exploitation development projects without good
quality pre-implementation observations. In the absence of
proper management measures, special research is then
needed to evaluate the consequences; it is usually carried
out by the damaged party when the negative effects are
already clearly showing. In the ADRB, most of the prob-
lems are arising from the absence of proper regulations
(limits) of groundwater withdrawal, in particular during
dry years and in situations where over-extraction affects
aquifers in neighboring states or has an impact on trans-
boundary rivers. A key problem is the lack of legal
documents and international agreements to:

1. determine responsibilities when problems arise;

2. establish the rights of reimbursement of the damaged
party;

3. require negative effects to be reversed;

4. require inspection of pumping installations.

Lack of institutional management of groundwater

It should be stressed out that, withdrawal and discharge of
international groundwater and drainage water, which are
the main source of potential conflicts, require cooperative
regulation and management within the whole Aral Sea
basin. The development of a set of management measures
should thus be considered, to reduce the negative influence
of multiple uses of groundwater and drainage water, to be
submitted to the Interstate Commission for Water Coordi-
nation (ICWC) for analysis and further preparation for
decision making on the evaluation of the areas and size
of shared aquifers and drainage water catchments;

transboundary problems should be specified and proposals
prepared to share the management of international
groundwater.

Apart from the ICWC, whose role is to organise inter-
national water management within the watersheds of Amu
Darya and Syr Darya Rivers, almost no structure is dedicated
to groundwater. Table 5 summarizes the main structures
in charge of groundwater management in the different
countries of the ADRB. As previously said, the extreme
fragmentation and dilution of responsibilities shown in
Table 5 is in clear disfavor with a proper and concerted
groundwater management. The situation in Afghanistan
is particularly critical since there is no regulatory frame-
work for controlling and managing groundwater resources.
In the literature, it is documented that the Ministry of
Mines and Industry is the state responsible authority. But
in practice, however, the ministries lack the resources
and technical expertise to adequately manage the resources
for which they have responsibility. There also appears to be
no effective system of permits or licensing for drilling and
for water abstraction in this country. In this regulatory
vacuum, the United Nations and some nongovernmental
organisations have accepted some responsibility for water
resources.

In the CAR, there are established frameworks for both
surface and groundwater resources management. However,
it must be pointed out that no special regulation on
groundwater has been proposed. Another major problem is
the overlapping of the responsibility between different state
authorities within a same country (Table 5).

Despite the various views and opinions of the parties
involved, cooperation in transboundary water resource
management in the ADRB has made significant steps for-
ward over the last 10 years (UNDP 2007). A certain
consensus on the principle of reasonable and equitable
sharing of water in accordance with the adopted regional
agreements has already been achieved. However, there is
still a lack of coordination and inconsistency in water use
priority that leads to losses of the limited water resource,
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aggravation of tension and threat of conflict (Wegerich
2007). In order to fully cooperate, the countries involved
must have confidence in each other and be prepared to
compromise both in the area of their own interest and in the
interest of the social and environmental needs of the
region.

Conclusion

Although water supply was formerly centrally organised,
since independence in 1991 the CAR and Afghanistan have
continued their dispute on meeting their individual and
increasing water demands. Since then, the lack of water has
gradually devastated the irrigation-dependent cotton, win-
ter wheat and other major crop production. In addition, the
lack of water has engendered the ecological catastrophe of
the Aral Sea Basin, at the tail end of both Amu Darya and
Syr Darya.

Groundwater can be a strategic resource for these
landlocked countries not only for drinking but also for
agricultural production and environmental issues as dem-
onstrated by Jarsjo and Destouni (2004). The lessons
learned from the 1998 to 2001 droughts have proved the
feasibility of groundwater developments in lower reaches
of Amu Darya and elsewhere in the basin. And even if poor
situation of the Amu Darya River has been observed both
in quality and quantity in recent years, groundwater can
still be reasonably exploited in many places were water
salinity remains acceptable.

There is a tendency for substantial unregulated ground-
water withdrawal in the basin by farmers and populations
for various purposes as an alternative source of water for
irrigation. Historically, the agriculture sector has a very
heavy weight on the basin country economies in terms of
employment, financial revenues and food security. Thus,
for many good reasons the development of groundwater
use is inevitable and better management strategies and
cooperation between the different partners involved is
necessary. Unfortunately, the intricate management system
of groundwater in the basin countries in terms of engi-
neering infrastructure and institutional coordination is
inadequate and, as a result, States are financially totally
unable to overcome and to prevent the physical deteriora-
tion of hydraulic structures and to maintain an efficient
water supply on large scale. In addition, transboundary
agreements on joint utilization of groundwater resources
are weak and fragmented in terms of regulation and insti-
tution levels.
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Abstract The paper presents the results of a new geo-
statistical approach to generate bathymetric surface models
from point measurement converted into continuous contour
surfaces of reservoir bottoms in Uzbekistan. Sedimentation
of reservoirs raises engineering, environmental and eco-
nomical issues for the communities around the world in
areas affected by a strong water deficit. Because of
Uzbekistan’s arid climatic conditions, and uneven spatial
and temporal water resources distribution, responsive and
innovative water availability assessment surveys of all
major water reservoirs are required. Bathymetric surveying
is a traditional method that is carried out for the estimation
of reservoir volumes and surface areas of the corresponding
reservoir stages in order to assess the water availability.
Volume and surface area differences derived from multiple
surveys of a reservoir provide storage loss estimates over
time due to sedimentation. However, two main factors,
such as intensive field data measurement and post data-
processing, often limit the frequency of these surveys.
Alternatively, innovative depth measurement technologies
coupled with contouring and surface mapping programs
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provide automated reservoir volume and surface area cal-
culations. This significantly reduces time, workload and
financial burdens for reservoir sedimentation projects. This
research proposes the use of geostatistical approach to
assess the reservoir sedimentation in the Akdarya reservoir
of Uzbekistan. The geostatistical approach includes (semi-)
variogram analysis and interpolation (kriging and simula-
tions—turning bands) techniques predicting values at un-
sampled locations for generating digital bathymetric
surface models of reservoir bottom conditions in order to
calculate the volume and surface area at a given water
elevation. The simulation enables to have range of reser-
voir volumes and surface areas with the same probability,
in comparison to the kriging and traditional methods. This
gives a real estimation of the resource availability for water
operators to manage natural resources and hydraulic
infrastructure in a sustainable manner.

Keywords Water reservoir - Sedimentation - Bathymetric
survey - Geostatistics - Volume estimation - Central Asia

Introduction
Sedimentation in water reservoirs

Dam on a watercourse induces river fragmentation in both
fluid and sediment fluxes. Though sedimentation is a nat-
ural geomorphologic process, human inference by dam
construction accelerates the filling up of the reservoir
capacity over time (Mahmood 1987; Matty et al. 1987,
WCD 2000; ICOLD 2005; Viseras et al. 2009). The sedi-
mentation causes reduction of the reservoir storage
capacity and diminishes the flow regulation affecting the
water supply of different water users. The utility of a
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reservoir diminishes as its storage capacity is reduced
(Bruk 1985; WCD 2000; IHP 2002; Rakhmatullaev et al.
2010; Ahmed and Sanchez 2010; Liu et al. 2010). As the
stream flows, its sediment carrying capacity is diminished
due to the decrease in flow velocity and increase in the
cross-sectional area resulting in the sediments starting to
deposit (McManus 1985; Mahmood 1987; Haan et al.
1994). The downstream movement of a stream’s sediment
load is then interrupted by reservoirs (VorOsmarty et al.
2003). Sedimentation triggers several important issues,
such as operation and maintenance of engineering facili-
ties, economical feasibility of the project, environmental
problems with social aspects upstream and downstream
(Evrard 1985; Brandt 2000; Vorosmarty et al. 2003; Davis
and Koop 2006; Graf 2006; Sternberg 2006). It is reported
that annually in the world an average 0.5-1% of the vol-
ume capacities of small and large reservoirs is lost because
of sedimentation (Mahmood 1987). Palmieri et al. (2001)
report that the loss in volume capacity requires an annual
replacement cost of US$13 billion dollars. The reservoir
sedimentation is a practical issue in many parts of the
world with different climatic conditions and levels of
engineering sophistication (Naisen and Lingyan 1998;
Krasa et al. 2005; Radoane and Radoane 2005; Renwick
et al. 2005).

Reservoirs in Uzbekistan

Agriculture is a very important sector for the Uzbek
economy. It provides employment, foreign cash revenue

and food security (O’Hara 2000; Sokolov 2006; Abdullaev
et al. 2009). Climatic conditions and insufficient internal
water resources have put pressure on water reservoirs.
Uzbekistan is, in fact, largely an arid country where
evaporation (1200-1600 mm) exceeds rainfall and annual
precipitation is below 200 mm (Shultz 1949; Irrigation of
Uzbekistan 1981; UNDP 2007). Regional streamflow is
characterized by an extreme intra-annual variability and is
also unevenly spatially distributed (World Bank 2003;
Kazbekov et al. 2007). The two main transboundary rivers
of Uzbekistan, the Amu Darya and Syr Darya, satisfy 82%
of the total water demand of Uzbekistan, whereas only 18%
of the demand is satisfied by the internal Kashka Darya,
Zarafshan and Surkhan Darya rivers (Shultz 1949; Heaven
et al. 2002; Dukhovny 2003; Micklin 2004). At present,
approximately 90% of water resources in Uzbekistan are
used for irrigated agriculture (UNDP 2007; Rakhmatullaev
et al. 2009) and about 24% of irrigation water comes from
water reservoirs, the remainder is pumped from rivers and
aquifers (FAO 2007). There are 55 manmade water reser-
voirs in Uzbekistan with a total volume capacity of about
19 km® and a useful volume capacity of 14.5 km®
(Rakhmatullacv 2006; UNDP 2007). There are almost no
remaining attractive sites for the construction of new res-
ervoirs in Uzbekistan; as 78% of the flow of the Amu
Darya is regulated and 94% of the Syr Darya (Fig. 1)
(UNDP 2007). Thus, it is of strategic importance to ratio-
nally estimate the available water resources in existing
reservoirs to ensure a guaranteed water supply to the dif-
ferent water users. In fact, according to the Uzbekistan

Fig. 1 Location of Akdarya
reservoir in Samarkand
province of Uzbekistan
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Ministry of Agriculture and Water Resources (UzZMAWR),
out of the 27 inspected reservoirs, 11 are almost completely
silted up, and, at 5 other reservoirs, the silt has almost
reached the level of the outlet structures (UNDP 2007).

Objectives

The primary concern of this paper is a bathymetric survey
of the Akdarya reservoir which was carried out to estimate
the reservoir volume and surface area for corresponding
reservoir stages (water elevations) in order to quantify the
water availability (Ortt et al. 2000; USACE 2001; THO
2005). Volume and surface area differences derived from
multiple surveys of individual reservoirs then provide
estimates of the capacity loss over time due to sedimen-
tation. In Uzbekistan, bathymetric surveys were carried out
with traditional methods, such as range survey/end area
method, to calculate the reservoir’s volume and surface
area for different reservoir stages. Traditional methods of
analysis have relied on the topographic mapping and range
survey data to estimate sediment volumes for a given
reservoir.

The range survey/end area method has provided ade-
quate results for past sedimentation analysis (USACE
2001; IHO 2005). However, the ranges can be difficult to
locate and surveys as monuments can be destroyed or worn
away. This leads to the surveying of fewer ranges to
characterize sedimentation. Two factors such as intensive
field data measurement (depth soundings) and post data-
processing often limit the frequency with which surveys
may be conducted (Furnans and Austin 2008).

There are many commercial computer contouring and
surface mapping programs, which quickly and easily
transform random surveying data into continuous curved
face contours using interpolation. These computer tech-
nologies create digital surfaces that represent relatively
accurate reservoir bottom conditions and support auto-
mated reservoir volumes and surface areas calculations.
Automated reservoir volume calculation allows to quickly
developing volume-elevation and surface-elevation curves
for the estimation of sediment rates (Furnans and Austin
2008). This in turn significantly reduces time, workload
and financial burdens for sedimentation survey projects.

Geostatistical approaches can provide more helpful,
reliable and efficient tools to increase the number of
measurement points at unsampled locations, and variogram
analyses for examining structural relationship of data.
Variogram analysis provide information for anisotropy
analysis of a physical process that can have changed
characteristics in the direction and space over traditional
methods for bathymetric or topographic surveys (Joseph
et al. 1998; Ortt et al. 2000; Marache et al. 2002; Soler-
Lopez 2003, 2004; Furnans and Austin 2008).

Digital contour surfaces of reservoir bathymetry are
performed by two interpolation methods, the kriging and
simulation (turning bands) techniques. In a first approach,
the kriging interpolation method is used to estimate the
bathymetry. In a second part, because kriging provides a
smooth result of the reality and has consequences for
future computations (volume, area), the simulation method
(turning bands) was chosen. One hundred simulations were
carried out in order to introduce natural variability in the
reservoir bathymetry and to get a statistical probability
distribution of reservoir volumes and surface areas for
different reservoir stages.

The final objective of the paper is a discussion of
technical approaches for the application of Geographic
Information System (GIS), Google Earth® and Digital
Terrain Model (DTM) methods for reservoir sedimentation
studies that supplements existing tools to predict the life
span of the reservoir due to sedimentation. In addition, the
choice of the methodology for all future bathymetric sur-
veys in Uzbekistan will be discussed.

Study area and site characteristics
General setting

The Akdarya reservoir was created by the construction of
an earthen dam on the Akdarya River in 1982. This res-
ervoir is used as a seasonal flood regulating structure, for
the irrigation of some 5,500 ha of new agricultural lands
and to improve the conditions of more than 12,000 ha of
irrigated lands in two districts of the Samarkand province
of Uzbekistan (Fig. 1). It is located 15 km northwest of the
Ishtihan town. The surface area of the reservoir at full pool
elevation (FPE) is about 12.7 km?, the total storage volume
is 112.5 Mm>. In order to increase the irrigated lands,
authorities have increased the reservoir volume capacity
from 34 to 112.5 Mm® by raising the dam crest by 7 m
since 1982 (Samarkandgiprovodxoz 1976).

Relief and geomorphology

The modern Akdarya River valley is in-filled with pro-
alluvium deposits. The valley is layered by 5-40 m of loess
and loams, underlying a 300-m thick layer of gravel. The
modern floodplain part of the Akdarya River is composed
of loams, stones and pebbles of alluvial origin. The
thickness of modern deposits varies from 0.5 to 5 m
(Rakhmatullaev 2007). The river channel is well defined,
composed of pebble—cobble deposits. The absolute eleva-
tion of the river varies from 680 to 400 m above the sea
level. On the right bank, the relief of surrounding areas is
presented by the hills with smooth peaks changing into
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Table 1 Main meteorological characteristics of Akdarya river basin (Uzdavsuvloiha 2002)

Characteristics Jan Feb Mar Apr May June July Aug Sept  Oct Nov Dec Year
Air temperature (°C) -19 1.8 72 139 200 249 272 251 191 11.0 59 1.4 13.0
Precipitation (mm) 42 42 56 48 22 4 0 0 1 11 23 33 282
Daily max. precipitation (mm) 30 38 43 62 88 18 1 7 3 23 25 26 88
Humidity (%) 80 77 76 67 54 38 34 36 39 52 66 80 58
Evaporation (mm) 30 20 16 33 110 200 254 223 142 75 54 43 1200
Mean monthly wind speed (m/sec) 2.1 27 28 28 2.6 2.4 25 2.1 2.0 1.8 20 1.9 23

alluvial and pro-alluvial uplands. The left bank is com-
posed of floodplains and terrace valleys deposits (Uzdav-
suvloiha 2002).

Climate

The study area is located in the subtropical latitudes of
the centre of the Asiatic continent and it is characterized
by aridity and significant temperature fluctuations. The
mountain system of Nurata in the north governs local cli-
matic conditions, such as precipitation and wind regimes.
The main meteorological characteristics are presented in
Table 1. The annual long-term mean precipitation is about
282 mm. More than 90% of annual precipitation is
observed from November to May. Over the period of June—
September, there is no precipitation observed. The mean
evaporation from the reservoir is about 1200 mm inducing
a deficit balance about 918 mm annually (Uzdavsuvloiha
2002; Rakhmatullaev and Le Coustumer 2006).

Hydrological characteristics

The Akdarya River is a tributary of the Zarafshan River
(Fig. 1). The Zarafshan River is divided into tributaries at
the Ak Karadarya Hydraulic Scheme. East of the Sa-
markand city, the Zarafshan is separated into two perennial
tributaries, a northern one (Akdarya) and a southern one
(Karadarya). These two tributaries form an island with a
total length of about 100 km and about 15 km wide under
the name “Miankul”. The two tributaries again merge into
one Zarafshan River in Navoi province. The Akdarya res-
ervoir is located on the Akdarya River 50 km downstream
from Ak Karadarya Hydraulic Scheme (Fig. 1). The total
length of the Akdarya River is about 131 km and it flows
over wide floodplain terraces. The river width is about
0.2-0.6 km, with a maximum width of about 1.5-2.0 km.
The river channel is moderately meandering and branching.
Riverbanks are unstable and steep in some places. The
Akdarya River flows through the Zarafshan Valley, which
is composed of loess deposits (Samarkandgiprovodxoz
1976).

@ Springer

There are several kinds of water resources feeding the
Akdarya reservoir (Table 2), including the network
of regional irrigation channels and drainage-collector
discharge systems, which directly feeds the reservoir.
Traditional engineering practices have evolved in such
direction that only during high-water years waters of
Zarafshan River are released to the Akdarya River. The last
significant discharge was observed in 1998 (Uzdavsuvloiha
2002). This release discharge was about 100 m%/s. At
present time, the Akdarya tributary is used as an emer-
gency channel from catastrophic flooding events of the
Zarafshan River, whereas the main flow passes through the
Karadarya tributary. The springs and temporary streams are
the third major source of water feeding the Akdarya River
and its reservoir. The temporary streams can be observed
during heavy rainstorms during the spring season. The
effective watershed area of the Akdarya reservoir is about
2020 km? (Uzdavsuvloiha 2002). Figure 2 depicts the
water and suspended sediment discharge in a year. The
peak of sediment discharge is observed during the flood of
the Akdarya River. As the Akdarya River is used as
an artificial channel for conveying excess water of the
Zarafshan River, the streamflow entrains the most of
available sediment and discharges downstream. The dry
climatic and geomorphological conditions contribute to
rising limb of sediment discharge curve, i.e. most available

Table 2 Water resources reservoir

(Uzdavsuvloiha 2002)

balance feeding Akdarya

Mean water Drought year

year (Mm?) (Mm>)
Source of discharge
1. Discharge from Zarafshan 250 200
river
2. Springs 160 100
3. Irrigation and 180 130
collector-drainage canals
Total 590 430
Water intake 230 210
Discharge in the reservoir 360 220
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Fig. 2 Diagram of water discharge versus sediment discharge of
Akdarya River (Uzdavsuvloiha 2002)

sediment loads can be carried out by the Akdarya River in
the event of high floods.

Materials and methods

In 2001, the “Uzbek Bathymetric Centre” was established
under the umbrella of UzZMAWR and was authorized to
survey the reservoirs using the bathymetric investigation
system (CEEDUCER®) developed by Bruttour Interna-
tional Pty Ltd (Bruttour International Pty. Ltd 2003). This
system is composed of an incorporated Global Positioning
System (GPS) antenna and a digital depth measuring
transducer. Up to now, the centre has performed bathy-
metric surveys of 16 reservoirs in Uzbekistan (Bathymetric
Center 2003). Figure 3 illustrates the loss of the total and

Fig. 3 Decrease in total and
dead volume capacities due to
sedimentation in 16 reservoirs
in Uzbekistan
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dead reservoir volume capacities in 16 reservoirs in
Uzbekistan due to sedimentation. The dead volume storage
in a reservoir is determined as the storage volume between
the streambed and the lowest elevation from which water
can be withdrawn by gravity (Mahmood 1987). As it can be
seen, the total volume capacities of all reservoirs have
decreased by about 18%, whereas the dead storage
capacities decreased by 55% on the average. In compari-
son, the dead storage capacities of 7 Uzbek reservoirs were
decreased by more than 75%. This is an alarming signal
that in a foreseen future, the sedimentation can be a major
operation and maintenance issue for these reservoirs and
threatens the guaranteed water supply to water users.

Bathymetric survey

The bathymetric survey of Akdarya reservoir was con-
ducted in 2003 from a moving boat using electronic depth-
sounding equipment (transducer) in conjunction with a
GPS antenna and an automatic data recorder CEEDUC-
ER®. All data recorded were transferred into a laptop
computer (Joseph et al. 1998; Ortt et al. 2000; Soler-Lopez
2003, 2004). The system CEEDUCER® is a very small,
single unit (integrated GPS receiver, electronics processor
and data logger), versatile survey-measuring instrument
that provides GPS position, DGPS (differential GPS),
digital echo sounder and 7.2 h full data logging (dual fre-
quency echo sounding). The specifications of the GPS
receiver are as follows: survey type 8 or 12 channels (true
parallel) with an accuracy of 2-3 m (8 channels) and lower
than 1 m (12 channels). DGPS combined Marine Beacon/
Integrated GPS antenna with 1 s update.
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The GPS receivers monitor the horizontal position of
the survey boat while the depth sounder measures the
water depth. The GPS units were first used and by default
were automatically converted into a World Geodetic
System of 1984 (WGS84) projection system in the static
mode to establish a benchmark overlooking the reservoir.
Satellite data were recorded simultaneously at the known
government geodesic benchmark (referred to as “the
Akdarya dam”) (latitude 27°45'N., longitude 44°33'W.)
and at a site overlooking the reservoir. Once established,
the “Akdarya dam” benchmark was programmed as the
reference station.

One GPS unit was installed at the reference station; the
other GPS unit was installed in the survey boat to be used
as a mobile station. The GPS on board independently
calculated a position every second, while receiving a set of
correction signals from the reference station, converting the
system into a DGPS. This combination maintained the data
horizontal position accuracy within a tolerance of 2 m. The
bathymetric survey integrated software MiniCee® and was
used to navigate and to collect data. The software inte-
grates the depth and position data, storing the x, y (geo-
graphic locations) and z (depths) coordinates in a portable
computer.

GPS was used to determine the latitude and longitude
for each depth measurement. Sounding equipment was
used to measure depth from a transducer (probe), operating
at a frequency of 200 kHz to the bed of the reservoir.
Depths recorded by the sounder, which has a resolution of
0.02%, were measured at a fixed distance below the water
surface (Bathymetric Center 2003). The recorded depths
and the constant value of the depth ecosounder were sub-
tracted from the water surface elevations at the time of the
survey (as recorded at the dam gauge) to determine reser-
voir bottom elevations. The depths were synchronized with
the GPS data to determine the location of the probe as the
boat traversed across the reservoir (IHO 2005; Furnans and

Austin 2008). The schematic illustration of the depth
sounding survey and conditions in the Akdarya reservoir
for 2003 is depicted in Fig. 4. The calibration of the
transducer was performed twice daily, before and after the
measurements collection.

For the shallow water areas where the transducer could
not be operated, representative depth measures were
manually collected with a stadia rod from the boat. How-
ever, sediment accumulation and vegetation growth in the
upstream reservoir areas limited the data collection. The
shoreline delineation was performed during the survey by
GPS receiver as close as possible to water surface marks
along the reservoir shoreline.

Initial editing of the data was performed using the
MiniCee® software. Positions were corrected to eliminate
anomalies that occurred when the correction signal from
the reference station was lost because of local topographic
features or electromagnetic interference. Position errors
were corrected by interpolating back to the mid-point
between the correct antecedent and preceding position. The
depth data were also corrected to eliminate incorrect depth
readings. Incorrect depth readings can result from an
insufficient signal gain or because floating debris or fish
interfered with the transducer face. The incorrect depth
readings were also interpolated between the correct ante-
cedent and precedent depth readings. Once corrected, the
edited data were transferred into the Golden Software’s
SURFER® 7 database for further processing.

Geostatistical analysis, variogram analysis

With recent progresses in automatic calculations, the use of
geostatistics for the spatial analysis of environmental data
has become extremely common on both land and sea (Mear
et al. 2006). Geostatistics include tools that establish sur-
face maps of any interested variable from the analysis of
the spatial structure of data (semivariogram) and to predict

Fig. 4 Data measurements with
bathymetric system
CEEDUCER and current
conditions of Akdarya reservoir
in 2003
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the value (interpolation) of these parameters at unsampled
points (kriging or simulation) (Chilés and Delfiner 1999;
Goovaerts 1999).

Variogram analysis was used to examine the spatial or
temporal correlations of the data. Variogram analysis is a
prerequisite for interpolation (kriging or simulation) or
making predictions (Clark 2001; Mear et al. 2006). Vari-
ogram analysis consists of the experimental variogram
calculated from the data and the theoretical model fitted to
the data. The experimental variogram measures the mean
variability between two points z and z + h, as a function of
their distance A.

The experimental semi-variogram is calculated by the
following equation:

i) =— 3 [aly) — <)

2Ny xXj—xi~h

where y(h) is the experimental semi-variogram taking into
account the difference in value between pairs of samples
with a given relative orientation and distance apart
(h) between two measured attributes, s is the distance
between two discrete points that are used for variogram
calculation, » is the number of pairs of samples for a given
h, z is the investigating attribute, i and j are the indexes of
respective values of two samples apart of the distance .

The experimental variogram is calculated for several lag
distances and is plotted as a two-dimensional graph
y(h) = f(h). It is then fitted with a theoretical model which
provides information about the structure of the spatial
variation, as well as the input parameters for spatial pre-
diction by kriging (Saby et al. 2006).

In a first approach, we chose to use kriging, because it is
the estimation method minimizing the best interpolation
errors and allowing the calculation of variance associated
with the interpolation. Kriging calculates a weighted
moving average equation, which estimates the value of a
regionalized variable at site-specific location by taking into
account the variographical information. The optimum grid
size for the construction of the bathymetric surfaces was
determined based on examination of the sampling distri-
bution for the three periods. The kriging interpolation gives

the averaged smoothed surface and thus will underestimate
the realistic reservoir volume and surface area calculation.
Therefore, for the introduction of natural variability we
used as a second approach turning bands interpolation
method for simulation. One hundred simulations calcula-
tions were performed using the ISATIS® program
(Geovariances 2009). Post-processing of simulations
allows obtaining a statistical distribution of reservoir vol-
ume and surface area.

Results and discussion
Historical surveys

For the determination of sedimentation rates, three bathy-
metric surveys, the original (pre-impoundment) in 1982,
and the 1996 and 2003 ones were used to examine the
evolution of the reservoir capacity over time. The 1982 and
1996 surveys were carried out by traditional methods, such
as range survey/end area method and traditional measuring
instrumentation. The 2003 survey was carried out as pre-
viously described by CEDUCEER®. Table 3 depicts the
volumes, water surface areas at full and minimum pool
elevations of the Akdarya reservoir for three historical
surveys. The analysis of sedimentation dynamics was
performed for two periods: 1982-1996 and 1996-2003.
The changes in volume and water area at full (FPE) and
minimum pool elevation (MPE) were examined.

For the 1982-1996 period, the total sedimentation vol-
ume was 11.8 Mm?> which can be interpreted as the total
reservoir volume decreased by 10.5%. The water area
decreased by 8% and the dead storage decreased by 12% at
FPE. However, these changes differ for the reservoir at
MPE, for instance, the water area decreased by 53% to the
original. This decrease is caused by the reservoir’s mor-
phological shape and its location in lowlands (plains).

For the period of 1996-2003, the total sedimentation
was 7.5 Mm® and the total reservoir volume decreased by
7.5% compared to the 1996 level. In addition, the water
area increased by 2.3 km? (16.5%) due to significant right

Table 3 Volumes and water surface areas of Akdarya reservoir at full and minimum pool elevations from the creation of the reservoir (1982),

for 1996 and 2003

Year Full pool elevation Minimum pool elevation
Full volume Water surface Useful volume Dead volume Water surface area (kmz)
capacity (Mm?) area (km?) capacity (Mm®) capacity (Mm®)

1982 112.5 12.7 110 2.5 35

1996 100.7 11.67 98.5 22 1.64

2003 93.17 13.97 91.71 1.46 0.92
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bank collapses, in some places reaching 10-50 m in width
(Fig. 4). The dead storage decreased by 0.74 Mm® (34%)
at the FPE in Akdarya reservoir. At the MPE, the water
area of reservoir decreased by 44%.

The volume storage capacity loss rate is a key compo-
nent for calculating the remaining life of a reservoir (Ortt
et al. 2000). Using the volumes of accumulated sediment
and the age of the reservoirs, the annual storage capacity
loss rates can be calculated. During the 21 years of reser-
voir operation, the total loss of reservoir capacity due to
sediments is estimated to be about 19.3 Mm”. The Akdarya
reservoir has lost its storage capacity at a rate of 0.92 Mm®
per year. As a percentage of its original storage volume, the
annual loss rate for Akdarya reservoir is 0.8% up to 2003.
The high rate of loss is explained by the significant right-
bank erosion processes in some places reaching 20-50 m
collapses and local geomorphological conditions with high
sediment amounts coming from surrounding agricultural
lands.

The maximum depth according to the design calcula-
tions was 23.4 m, but the deepest depth observed during
the last survey was recorded at 18.1 m. During the field
survey, the area of shallow water increased, especially in
the entrance part of the river where nowadays the upstream
of the reservoir is also heavily occupied by the vegetation
cover and in some places locals have created artificial rice
paddy plots, the area with such plantations is always
increasing (Figs. 1, 4).

Data measurement

The depth soundings were collected every 20 m.
The transects (cross-sections) were about 200 m apart
beginning at the dam and continuing upstream. Figure 5
illustrates the 2003 depth sounding measurements across
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Fig. 5 Actual depth measurement points in Akdarya reservoir in
2003 (Bathymetric Center 2003)
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35 sections in Akdarya reservoir. The transects were per-
pendicular to the shoreline of the reservoir. The process of
obtaining an accurate bathymetric survey is substantially
more difficult than that associated with land-based sur-
veying. There are various error sources in data acquisition
and measurement in bathymetric survey, such as GPS
limited availability, the definition of the water-mud inter-
face and human errors in measurements (IHO 1998, 2005;
USACE 2001).

Furnans and Austin (2008) report that original reservoir
volume estimates are limited by the accuracy of existing
topographic maps and land surveys estimates of the current
capacities for reservoirs not re-surveyed since their con-
struction. The range method is based upon interpolating the
volumes from one range transect to another. The farther
apart the transects, the more interpolation is involved and
intuitively more errors can be observed (Byrnes et al. 2002;
Johnston 2003). For example, there can be local topo-
graphic or other peculiarities, such as water intake struc-
tures or significant dredge works in area between transects.
The complication can be of natural river inflow areas. The
total error in determining reservoir capacity volumes with
this method have been estimated to be between 10 and 30%
(Ortt et al. 2000).

With traditional methods of depth measurements and
few sampled points, large errors and uncertainties are
observed that increases errors in the computation of water
availability in the reservoirs. The potential sources of error
are (1) human induced during data measurement in the boat
operation, and (2) readings of the transducer (e.g. pene-
tration of sonar signal through the water column and poor
acoustic reflection of signal back from true reservoir bot-
tom surface) (IHO 1998).

Geostatistical work
Variographical analysis

First, the experimental semivariogram was calculated and
constructed from the direct field measurements. In order to
look for possible directions of anisotropy (difference in
spatial structuration of the variable as a function of the
studied direction), directional variograms were computed
every 10° and with a 200 m lag. In this study, the direc-
tional variograms showed an anisotropy whose principal
directions were N20 and NI110. Figure 6 depicts the
semivariogram of reservoir bottom elevations for the Ak-
darya reservoir. For a given lag, the smallest variogram
values were observed in the N110 direction and the largest
values in the N20 direction. Furthermore, a stationary
variogram was exhibited at N20 (with a sill equal to 9 m?
for a range of 800 m, distance beyond which there is no
correlation between data) and a non-stationary behaviour
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Fig. 6 Experimental semivariogram of reservoir bottom elevations
direction N20 (smallest variance) and N110 (largest variance) of
Akdarya reservoir

for N110. A variable is stationary if its statistical distri-
bution is invariant by translation in space (and its moments
too). On a variogram, we can check that a variable is sta-
tionary (at least a second order stationnarity) if we can
observe a sill, as in the N20 direction. For a non-stationary
behaviour (as in the N110 direction), the variogram does
not reach a sill, indicating a global drift in data (for
example a constant increase of values in this direction).
Second, the theoretical model was fitted with a spherical
model and the anisotropy was defined as the ratio between
the largest and the smallest variance (Fig. 6, dotted charts).
The fitting was the best for £ less than 1000 m, because of
neighbourhood problems, which is addressed by the
kriging.

Kriging results

After the variogram analysis, the interpolation was carried
out using a kriging gridding method. In order to estimate a
value at a non-sampled point, we considered measured
points in a given neighbourhood. The chosen neighbour-
hood was an ellipse with axes equal to 1000 m and 500 m
in N110 and N20 directions, respectively. The ellipse was
then decomposed in 4 sectors and we chose to have an
optimum number of data equal to 10 in each sector. The
Figure 7 illustrates the bathymetry of Akdarya reservoir by
kriging interpolation method.

There is no significant difference between the elevation-
reservoir volume and the elevation-surface area curves
from direct measurements and modelled (kriging). The
Figure 8 depicts the reservoir volume and the surface area
by kriging and the direct measurements data (2003) for
selected water elevations, where the significant differences
were observed. The computation of the reservoir volume
and surface area by kriging was performed by reducing
the number of actual cross-sections from 35 to 17. In par-
ticular, we reduced the cross-sections in the middle parts of
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Fig. 7 Bathymetric map of Akdarya reservoir by kriging interpola-
tion method
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Fig. 8 Akdarya reservoir volume (a) and surface area (b) by kriging
and experimental data (2003)

reservoir due to smooth uniform bed conditions observed
from field measurements. This shows that fewer depth
soundings, but representative points can be measured
regardless of using any surface contouring packages used.
Figure 9 depicts the reservoir volume of Akdarya at dif-
ferent water elevations. The 2D bathymetric map has
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Fig. 9 Reservoir volume of Akdarya at different water elevations

visualization effect for a reservoir operator who can use
this information in decision making over operation and
maintenance works. This is particularly important for the
water intake structures that are installed in a reservoir for
irrigation diversions or public water supply systems.
Operators could take site specific preventive measures to
alleviate for such scenarios.

The principal source of error that is reflected within the
dataset is related to the density and the spatial configuration
of the sample points (Johnston 2003). The spatial config-
uration 1is critical in the kriging process and in all inter-
polation methods. The kriging weights and the variance of
estimation are dependent of the variogram, and the spatial
distribution of the points but not of the measured values.
This is why equidistant spacing would be the best in
bathymetric data collection. Spacing of data points was
much greater between transects than between points on a
given transect. Such a sampling approach introduces nec-
essarily larger variances (so error) between transects into

the modelled bathymetric surface. Because kriging mini-
mizes the variance of estimation (it gives a smooth image
of the reality and only an estimation of volume and area)
turning bands simulation methods have been carried out.

Simulation results

After the kriging interpolation, 100 turning bands simula-
tions were carried out to compile bathymetric surface
models of reservoir bottom, in order to calculate reservoir
volume and surface areas. Simulations allow to introduce
variability and to obtain a statistical distribution of reser-
voir volume and area for any water level. The results are
given in Table 4 and Fig. 10. Generally, for water eleva-
tions, the kriging and direct measurement calculations fall
within the range of minimum and maximum values of
simulation. In particular, the significant difference in res-
ervoir volume is observed at higher water elevations due to
the morphological shape of the Akdarya reservoir. At a
494.5-m water elevation, there is a difference of about 2%
between the simulated maximum reservoir volume
(94.47 Mm®) and the measured one (93.17 Mm®), that
corresponds to 1.3 Mm® of water. Figure 11 shows the
cumulative distributions of the reservoir volume and area
for a water elevation equal to 494.5 m.

Economical efficiency results

New contour and mapping programs have introduced
automated reservoir volume and surface calculations. This
has significantly reduced the time, workload and financial
burdens of such projects. This is real financial savings for
the introduction of geostatistical approach in reservoir
sedimentation projects in the conditions of Uzbekistan. For

Table 4 Comparison of reservoir volume and surface areas from experimental, kriging, and simulation (minimum, mean, median, maximum) of

Akdarya reservoir

Water elevation (m) Measured Kriging Simulation
Minimum Mean Median Maximum
Volume (Mm3)
477 0.003 0.00074 0.0012 0.0044 0.0041 0.011
480.5 1.12 1.05 1.07 1.16 1.16 1.24
485 12.76 12.64 12.53 12.79 12.78 12.97
490 46.04 46.27 46.11 46.41 46.41 46.77
494.5 93.17 93.83 93.81 94.15 94.15 94.48
Surface (km?)
477 0.0084 0.0036 0.0044 0.012 0.011 0.024
480.5 0.95 0.98 0.94 0.98 0.98 1.04
485 4.39 443 442 4.48 4.48 4.54
490 8.63 8.66 8.62 8.68 8.68 8.73
494.5 13.98 13.97 13.25 13.36 13.35 13.46
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water elevation for experimental, kriging and simulation

example, the economic efficiency for calculation of 1 km?
of reservoir decreases from 570 (conventional method) to
385 $US (geostatistical method). The largest savings is
obtained from the reduction of the field work and post-data

analysis

by 50%. The most important aspect in the geo-

statistical approach is the increase of the calculated area of
the bathymetry with a decreased number of transects. It

must be

pointed out that this method of simulation and

estimation of reservoir volume and surface area refers to
the assessment of the total volume of trapped sediments in

Fig. 11 Cumulative

100%

the reservoir. However, the spatial distribution of the
deposited sediment volume has profound significations for
the sedimentation countermeasure plan. The location of the
deposited sediment within the reservoir may be of equal or
even greater importance to the reservoir operations, as is
the total volume deposited (Mahmood 1987).

Perspectives in Uzbekistan

The USACE has started to apply a new DTM method for
the sedimentation analysis and the calculation of reservoir
volumes and surface areas in 2000 (Smith 2000). The DTM
method relies on the digital conversion of historical topo-
graphic mapping and the collection of the recent sounding
survey data for the creation of digital surface models of
reservoir bottoms. The DTM method calculates sediment
volumes over the entire reservoir area by comparing his-
torical topography and recent sounding data digital sur-
faces. Topographic mapping of the site prior to the
inundation represents the original reservoir bottom condi-
tions. These topographic maps are digitized and geo-ref-
erenced to produce the contour coverage. Contour data are
processed in a GIS software package. GIS has being used
for the reservoir sedimentation in recent surveys elsewhere
(Sawunyama et al. 2006). The final calculations for the
sediment volumes are determined by subtracting the ori-
ginal reservoir capacity from the recent resurveyed
capacity. Water and sediment depth models are created as a
result. The water depths are calculated by subtracting the
resurveyed DTM from the seasonal pool elevation, sedi-
ment depths are calculated by subtracting the original
surface from the resurveyed one. The sediment depth grid
provides a tool for the visualization of the spatial sediment
distribution over the reservoir. This greatly enhances the
illustration of the sediment accumulation for the operators
and the water managers, and enables them to locate
intensive sediment accumulation areas. Consequently, it
will be a real asset for mitigation measures to be
undertaken.

In addition, the Google Earth® program can be incor-
porated into the reservoir sedimentation studies as a sup-
plemental analysis instrument for various periods of re-

100%
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surveying, which will enable both researchers and dam
operators to see the changes in the concerned area.

Recent research indicates that sediment yield from
watersheds should be incorporated into the reservoir sedi-
mentation studies. The new paradigm for such initiatives
can be the Integrated Sediment Management programs that
are advocated around the world (SedNet 2004). The inte-
grated reservoir sedimentation studies would improve
decision-making process for choosing the appropriate
preventive measures, such as hydraulic flushing, sluicing,
and hydraulic or mechanical dry dredging operations. This
in turn can decrease the overall financial expenses for
mitigation actions. For example, according to UzZMAWR
the rivers of Uzbekistan Amu Darya, Syr Darya and Za-
rafshan transport about 80-85% of the total annual sedi-
ment yield during the peak flows. Thus, on time operational
modes of reservoirs maintenance can substantially reduce
sediment accumulation in the reservoirs by hydraulic
flushing and manoeuvring sluice gates.

Conclusion

The reservoir sedimentation surveys were carried out with
traditional range survey/end area method over the years.
Since 2003, reservoir sedimentation surveys have been
conducted with new bathymetric system that incorporates
GPS and electronic transducer capabilities. However,
manual data management persists in the practice, which is
tedious and costly with large human induced errors for
calculation of reservoir volume.

Geostatistical approach has many advantages compared
to the traditional computation methods with statistical
analysis of data variance and known fitting mathematical
model for interpolation. Kriging interpolation method is a
good first approximation. Simulation (turning bands)
interpolation introduces range of volumes and surface areas
in contrast to traditional estimates. Range volume values
are more realistic estimates and provide water managers
and dam operators with information about possible mini-
mum and maximum estimates. In turn, it is believed that
there would be possibilities to react appropriately in the
decision making process. Presently, only single volume
curves are used for the assessment of reservoir sedimen-
tation in Uzbekistan. Geostatistical approach reduces the
workload for post-data processing and has shown its eco-
nomic efficiency for reservoir sedimentation projects and
improves digital database for a given reservoir and future
computations of reservoir volume evolution.

New methods, such as DTM methods and application of
GIS capabilities must be incorporated in reservoir sedi-
mentation projects for studying not only the total volume of
sedimentation, but the spatial distribution of sediment

@ Springer

accumulation in the reservoir. This DTM method provides
reservoir operators with a better visualization of sedimen-
tation processes and thus enables them to launch mitigation
measures on a timely manner.

With the application of GIS and computer surface
mapping software technologies, the new data management
schemes at the national scale can be envisioned with the
creation of digital maps of reservoirs for sustainable
operation of Uzbekistan environment and physical infra-
structure for the coming years.
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Abstract

Water reservoirs play an important role in areas with limited and erratic precipitation where
water is stored and re-distributed later for different purposes. Irrigation is primarily a major
water consumer in arid countries of Central Asia for the economic development, employment
and food security of the region. The major rivers of Central Asia (e.g. Amu Darya, Syr Darya,
and Zerafshan) are turbid watercourses. Sedimentation reduces the main reservoir asset i.e. its
volume capacity. In addition, vast territories of the region’s countries have been transformed for
agriculture to grow water intensive crops such as cotton, rice and wheat during the Soviet Union
that dramatically accelerated soil erosion by water and wind. Thus many man-made water
reservoirs are affected by high sedimentation rates. Moreover, uneven spatial and temporal water
resources and a Soviet inherited unified hydraulic infrastructure have raised transboundary
reservoir management issues over water resources allocation among the countries in the region
such as Kyrgyzstan, Tajikistan, Kazakhstan, Uzbekistan and Turkmenistan. The rivers such as
Syr Darya and Amu Darya are already regulated by more than 78% and 94% respectively and
attempts for new reservoir projects upstream raises increased concerns of the downstream
countries (e.g. the Rogun hydropower station in Tajikistan and the Toktogul reservoir in
Kyrgyzstan). For instance the uncoordinated use of reservoirs has caused the Arnasai lake
problem in Uzbekistan with environmental, material damage and social unrest.

The aim of this paper is first to review the present conditions and the role of man-made water
reservoirs for irrigation in Central Asia with special focus on Uzbekistan, second to document
past and current reservoir sedimentation conditions in Uzbekistan and third to discuss research
carried out by Soviet and present time local research community in the domain of erosion and
sedimentation in the region.

Keywords: water management, erosion, sedimentation rate, water reservoirs, Central Asia
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1 Introduction

Due to their climatic characteristics, economic development strategies and geopolitical
situation, Central Asian (CA) countries have been experiencing an everlasting competition over
water resources. Mostly arid, these agrarian countries pursue their own development and
integration into the global community through expanding irrigated lands, growing cash crops
such as rice and wheat for meeting their domestic food security but also to export a large part of
some productions such as cotton (Rakhmatullaev et al., 2009).

Water reservoirs created by dam construction on rivers have played an important role for
societies around the globe throughout their history by regulating floods, generating hydropower,
and re-distributing the river flow for irrigation. Dams on rivers induce both river flow and
sediment flux fragmentation which causes accelerated accumulation of sediments (Morris and
Fan, 1998; Palmieri et al., 2001; Syvitski, 2003; Sternberg, 2006; Walling, 2006). Sedimentation
is a natural geomorphologic process but human interference increases its rates. Sedimentation
reduces the main reservoir asset i.e. its volume capacity over time due to the feeding rivers.
Hence, the utility of a reservoir diminishes as its volume capacity is reduced (Karaushev, 1977,
Skrylnikov et al., 1987; Mahmood, 1987; Annandale, 1998; World Commission on Dams
(WCD), 2000; International Commission on Large Dams (ICOLD), 2008; World Association for
Sedimentation and Erosion Research (WASER), 2008).

It is reported that an annual average 0.5-1% loss of volume capacities of small and large
reservoirs is observed due to sedimentation in the world. It is estimated that such losses of
storage capacities per year are worth billion US$ and if such a scenario continues, about 25% of
the world reservoir total volume capacity will be vanished over the next 25-50 years (Mahmood,
1987; WCD, 2000). Palmieri et al. (2003) reports that the loss in volume capacity requires an
annual replacement cost of 13 billion US$. Recent estimates are even more dramatic. For
instance Yang (2003) reports that the overall annual loss rate of reservoir volume capacity due to
sedimentation is estimated to be 1 to 2 % of the total volume capacity. Moreover, Naisen and
Lingyan (1998) reports that the average annual loss in volume capacity reaches 2.3 % in China,
being the highest in the world.

Globally, more than 50% of the basin-scale sediment fluxes in regulated basins are
potentially trapped in artificial impoundments, with a discharge-weighted sediment trapping of
about 30% due to large reservoirs and an additional contribution of about 23% from small
reservoirs (Vorosmarty et al., 2003).

A reduced reservoir volume capacity diminishes the flow regulation for an assured water
supply for irrigation, industrial activities and municipalities downstream. Sedimentation triggers
operation and maintenance issues coupled with economic feasibility of the project,
environmental concerns and social aspects (Lapshenkov, 1959; Bruk, 1985; Evrard, 1985;
Morris and Fan, 1998; McPherson and Harmon, 1998; United States Army Corps of Engineers
(USACE), 2001; Vorosmarty et al., 2003; International Hydrographic Organization (IHO),
2005). Moreover the deterioration of water quality in reservoirs can be a major issue with
increasing levels of various contaminants from agriculture, industry, and natural sources whether
organic (pesticides, PCBs, PAHSs) or inorganic (heavy metals) (WCD, 2000; ICOLD, 2008;
Gadalia et al., 2005, Gadalia and Motelica, 2008).

Downstream effects of sedimentation include channel narrowing, reduction in braiding
and associated loss of ecosystem complexity, river bed erosion and a reduction in the overbank
flooding that is critical to many riparian species (Brandt, 2000; Wohl and Rathburn, 2003;
Syvitski, 2003; Sternberg, 2006; Walling, 2006). Dam cavitation and abrasion of conduits,
valves, sluice gates and hydropower turbines dramatically impact the hydraulic facilities and
structures (USACE, 2001; IHO, 2005). Moreover social aspects can also be the unattractiveness
for tourism and the loss of recreation opportunities (WCD, 2000; Knoblauch, 2006).

After the fundamental and extremely fast political transformation of the whole region
(collapse of the Former Soviet Union (FSU) and emergence of National States), the unified
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physical hydraulic infrastructure and its management have been fragmented. For instance, each
year the CA countries negotiate the water allocation from transboundary reservoirs such as the
Toktogul reservoir in Kyrgyzstan, which has an explicit impact on the management of the entire
Syr Darya River system. This large reservoir works in both irrigation-energy regimes but
downstream States favoring the irrigation operation mode over energy production. New water
reservoirs are being planed upstream for the regulation of the river flow and to increase the
hydropower generation opportunities in Tajikistan and Afghanistan on the Amu Darya River
system and in Kyrgyzstan on the Syr Darya River system respectively.

Under the market-oriented conditions, financial constrains have resulted in the decrease
of government assisted rehabilitation and maintenance works of hydraulic infrastructures
programs by several folds despite any water reservoirs have been constructed more than 20-25
years ago and need substantial rehabilitation. For instance the majority of reservoirs have been
silted by sediments. Recent drought years urged authorities to re-estimate the water availability
in reservoirs of Uzbekistan for the sustainable use of the natural resources and hydraulic
infrastructure.

Thus there is urgency to adopt an innovative approach in bathymetric surveys for
estimation of reservoir volume capacities due to sedimentation. New technologies such as GPS
(Global Positioning System), acoustic depth measurement systems and contour mapping
software have proved to increase geo-referenced data, improve the accuracy of data and most
importantly substantially decrease the expenses of the bathymetric studies. In fact, since 2001
new geoinformation technologies have been used in bathymetric surveys in Uzbekistan. Last but
not least there is limited information on water reservoirs in CA region in the international
scientific literature.

Thus the first objective of this paper is to present the first-cut assessment on water
reservoirs, their role for irrigated agriculture and the transboundary aspects of water reservoir
management in CA region. The second objective is to discuss the current reservoir sedimentation
conditions, extent and characteristics of man-made reservoirs in Uzbekistan.The third objective
is to briefly overview some research on sedimentation and erosion carried out in the region by
Soviet and local research communities.

2 Irrigation and water reservoirs in Central Asia

With an annual rainfall of 100-300 mm and a mean evaporation of 1600-2200 mm,
Uzbekistan has a continental climate of the dry mid-latitude desert, characterized by hot
summers and cold winters (Shultz, 1949; UNEP, 2005; FAO, 2007). Its climate is largely arid
and its water resources are unevenly distributed both in space and time. There is a strong
dependency on winter and spring rains and snowmelt from the Tien Shen and Pamir mountains..
In fact these mountains are major contributors to the watersheds of CA countries (World Bank,
2005).

Thus the agricultural production of the region is predominantly based on irrigation, which
makes irrigation water supply and management the major factors limiting crop yields in the
region (Ibragimov et al., 2007). The complexity of water resource relations in this region is
related to the soviet inheritance of interconnected hydraulic infrastructure and to the
transboundary origin of water resources.

Interstate Commission on Water Coordination (2004) reports that in Central Asia, for the
period of 1960-1990, the total annual water intake was about 60.6 km® in 1960 and 116.2km? in
1990. Thus there was about a two fold increase in 30 years. In contrast the population of the
region has increased by 2.7 folds and the area under irrigation increased by 1.7 fold.

Man-made reservoirs play a particularly important role where natural precipitation is
erratic or seasonal because they store water during wet periods to make it available during dry
periods. The role of water reservoirs has become very important in periods of water scarcity
which are being documented in the region. World Bank (2005) reports that in drought year of
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2000-2001 river flows dropped to between 35% and 40% below average levels. For example, the
irrigation water scarcity became progressively worse particularly in downstream areas in the
north of Uzbekistan. Economic damage was in order of hundreds of millions of US dollars with
implication to population livelihoods and environmental issues. As recent research shows, a
decreasing trend is evident in the Amu Darya discharge; in fact the discharge of Syr Darya did
not decrease since 1985 (Nezlin et al., 2004).

The first water reservoirs of the Central Asian region have been constructed as early as in
the X-XI centuries (Avakyan et al., 1987; Nikitin, 1991). The era of massive water reservoir
construction begun in the late 1900s. For example, the Gindikush (Turkmenistan) reservoir was
built in the Basin of the Murgab River in 1896 with a total volume capacity of 13 Mm?® and 65
Mm? for the Sultanbent reservoirs in 1909-1910 (lrrigation of Uzbekistan, 1975; Skrylnikov et
al., 1987). In 1940s several reservoirs have been constructed such as the Urtatokai reservoir in
the Kassansai River Basin in Ferghana region and the Kattakurgan reservoir in the Zerafshan
River Basin. For the last 30 years (from 1950 to 1980) more than 60 reservoirs have been
constructed in the region (Table 1). Figure 1 depicts the schematic distribution of the main water
reservoirs and their volume capacities in the CA region excluding reservoirs in central and
northern region of Kazakhstan.

2.1. Threats to water resources

There are more than 290 water reservoirs in the Central Asia with a total volume capacity
over 163 km?® that regulate more than 50% of the monthly regions river flow and the area
occupied by reservoirs constitutes roughly 6% of the CA countries irrigated areas (Table 2)
(Avakyan et al., 1987; Skrylnikov et al., 1987; Nikitin, 1991; FAO, 2007). The primary source
for irrigation in the region is the surface flow from rivers and man-made reservoirs. For example,
an average of about 30% of irrigation water is delivered from reservoirs, ranging as high as 54%
in Turkmenistan and as low as 13% in Kyrgyzstan (UNEP, 2005; FAO, 2007).

After the dissolution of FSU, the land-locked arid countries of CA region have directed
their natural resources utilization towards economic development from previous planned to a
market-oriented economy. Irrigated agriculture is the dominant sector of the economy in the CA
countries, employing about 45% of the total population (World Bank, 2003; ICWC, 2004;
IAMO, 2008; Abdullaev et al., 2009). This sector contributes to the region countries Gross
Domestic Product (GDP) from 16 up to 30% with an average of 24% for the whole region (FAO,
2007). As a whole, 26% of the cultivated areas are irrigated, from 10% in Kazakhstan to over
99% in Turkmenistan. Thus 91% of the total water withdrawal is used for agricultural purposes
in the region (Ximing et al., 2003; UNEP, 2005; Weinthal, 2006). Figure 2 shows the historical
increase of irrigated lands in CA region for the last century. Over a period of 90 years (1913-
2003) the areas under irrigation have increased by 3 times on average (Sattarov et al., 2006).
This increase was due to a gigantic Soviet hydraulic program through construction of dams,
irrigation canals, pumping stations and various hydraulic facilities.

Irrigation in CA region relies on a system of pumps and canals which is among the most
complex in the world (O’Hara, 2000; Weinthal, 2006; UNDP, 2007). Cotton and wheat are the
major crops followed by maize, vegetables and fruits. In Uzbekistan, which accounts for over
half of the irrigated land in the CA region, it is estimated that about 70% of water is lost between
the river and the crop, and poor drainage further exacerbates water management (World Bank,
2005).

Additionally there has been a general warming up in the CA countries on the order of 1-2
OC since the beginning of the 20™ century that might have a strong potential impact on the
regional temperatures and precipitation regime but also on natural ecosystems and agricultural
crops (Lioubimtseva et al., 2005). With drought and climate change in the region, water
resources will be more stringent and transboundary management of hydraulic structures has to be
developed in harmonic cooperation to meet current concerns for satisfying all involved parties.
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Khorst (2001) reports that according to the estimations made by the Uzbek Hydro-
Meteorological Committee, the pessimistic scenarios of water resources transformations due to
global warming and reduction of ice and snow accumulations in CA region would be the
reduction of discharge by 15-20% and 20-30% for the Syr Darya River and the Amu Darya
River respectively. The following case study illustrates the consequences of inappropriate
management of transboundary reservoirs known as the “Arnasai Lake” problem.

2.2. Case of the Arnasai Lake - Transboundary reservoir management

For the regulation of the CAR rivers, hundreds of man-made water reservoirs were
constructed to mitigate natural shortage of water resources (Figure 1). Competition for water
resources is prioritized by the downstream countries (Uzbekistan, Turkmenistan and Kazakhstan)
for irrigation whereas upstream countries (Tajikistan and Kyrgyzstan) use them mainly for
hydropower generation (O’Hara, 2000; ICG, 2002; UNEP, 2005). There has been a serious
conflict related to the water resource management of some hydraulic infrastructures like the
Toktogul reservoir located in Kyrgyzstan in the recent post-soviet period (Figure 3) (ICG, 2002;
Weinthal, 2006). This water storage infrastructure serves for the needs of the entire Syr Darya
River basin. Its main purpose is to regulate and secure the Syr Darya River flow during the
vegetation period (April-October). It was designed to release 8.5 km® of water during the
vegetation season and in order to restore the storage only 2.8 km® during the non-vegetation
season. However the situation has significantly changed due to the end of the FSU. At present,
new independent states can hardly negotiate on proper water allocation quotas for irrigated
agriculture in summer for downstream countries and electricity generation in winter for upstream
countries (O’Hara, 2000; ICG, 2002; UNEP, 2005; Weinthal, 2006).

The following example vividly shows that catastrophic environmental, economic and
social issues can be caused by an inappropriate use of transboundary water reservoir. This is the
so called “Arnasai Lakes” problem (UNDP 2007). The Syr Darya river flow is regulated within a
volume of about 34 km® by the cascade reservoir of the Naryin-Syrdarya system. This system is
arranged according to the following scheme (Figure 3), the Toktogul reservoir upstream
(Kyrgyzstan) with a total volume capacity of more than 19.5 km® is operated in an irrigation-
energy production regime (UNDP, 2007). The two reservoirs of Charvak and Andijan
(Uzbekistan) with a total volume capacities of 2.0 km® and 1.9 km® respectively are located
downstream and the Kairakkum reservoir in Tajikistan, middle reach of the river with a total
volume capacity of 4.2 km® together with the Chardara reservoir in Kazakhstan with a total
volume capacity of 5.7 km* which closes the system and operates in irrigation mode for water
users downstream.

In 1969 a catastrophic flood forced to discharge about 2.7 km® from the Chardara
reservoir to the Arnasai topographic depression creating here a huge new permanent lake. Until
1993 the Arnasai system, with a total area of 2,000 km?, was stabilized, but from 1993, further
releases from the Chardara reservoir caused a rise in the water level of 8.7 m. By the summer of
2003, the total area of this lake system reached 3,491 km? and today Arnasai is the largest system
of lakes in Uzbekistan comprising the Aidarkul, Tuzkan, and Upper Arnasai lakes (UNDP,
2007).

Some experts argue that the creation of this lake system is favorable to the surrounding
ecosystems and micro climate but it should be mentioned that as a result of the continuous water
discharges in winter for hydropower generation, about 180,000 ha of land were flooded in the
Jizzak and Navoi provinces of Uzbekistan. In addition, flooding has an impact on the local
infrastructures resulting in the loss of tens of kilometers of roads, electric power lines, gas
pipelines and other facilities. In addition, about 2,500 inhabitants of two settlements are at risk to
lose their livelihoods because of flooding. The total damage is estimated to about 700 million
US$ (UNDP, 2007).

Recently, in 2008, Kazakhstan started to construct the Koksarai reservoir downstream of
the Chardara reservoir as a countermeasure for flooding of its agricultural and settlement areas
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with a design capacity of about 3 km® and a total dam length of more than 44.7 km, cost is
estimated about 100 million US$. But is should be pointed out that the decision to construct this
hydraulic structure is only on the initiative of Kazakhstan without consensus with Uzbekistan.

3 Water resources, reservoirs and sedimentation in Uzbekistan

3.1. Water resources

Uzbekistan is largely an arid region, where evaporation exceeds rainfall and annual precipitation
is below 200 mm (UNDP, 2007). This means that agricultural production is impossible without
irrigation. The streamflow is characterized by an extreme intra-annual variability and is also
unevenly spatially distributed (Kazbekov et al., 2007; Rakhmatullaev et al., 2009). Two main
river basins are found in Uzbekistan, the Amu Darya and the Syr Darya (Schliter et al., 2005).
The transboundary rivers Amu Darya and Syr Darya satisfy 82% of the total water demand for
irrigation, whereas only 18% of the same demand is satisfied by the internal rivers Kashka
Darya, Zerafshan and Surkhan Darya in Uzbekistan (Figure 3) (UNEP, 2005; UNDP, 2007,
Rakhmatullaev et al., 2008a).

According to experts, the total amount of flow produced in the Amu Darya basin is
estimated at 78.46 km®/year and about 6% of the average total surface water resources of the
Amu Darya river basin are generated within Uzbekistan (Crosa et al., 2006; UNEP, 2005; FAO,
2007). The Amu Darya River stretches from its source the Pyandj River to the Aral Sea over
2540 km, including about 1000 km within the territory of Uzbekistan. The total amount of flow
produced in the Syr Darya basin is estimated at 37.14 km®/year and about 13% of the average
surface water resources of the Syr Darya River basin, are generated within Uzbekistan (Nezlin et
al., 2004; FAO, 2007; Rakhmatullaev et al., 2009). The total length of the Syr Darya River is
2800 km, of which 2000 km flows through the territory of Uzbekistan. The long-term average
runoff of the Zerafshan River is estimated to be 5.91 km® and only 0.76 km? of runoff is formed
in Uzbekistan. The Zerafshan River starts in Tajikistan and the third largest river basin in
Uzbekistan. Thus, the total water deficit in Uzbekistan is estimated to 2.5 km®/year in the Syr
Darya river basin and between 1.5 to 3.0 km® in the Amu Darya river basin depending on water
availability in a particular year (O’Hara, 2000, Weinthal, 2006; UNDP, 2007; FAQ, 2007).

The total cultivated land in Uzbekistan is estimated to be about 5.2 million ha, of which
4.2 million ha are irrigated (FAO, 2007). Figure 4 shows the evolution of the irrigated land area
and of the specific water intake for irrigation during the last century. It illustrates the trends in
the increase of the irrigated land and in specific water intake. As it can be seen the area of
irrigated land will certainly increase in the future and the specific water intake will peak at
13,000 m*/ha even in a foreseeable future (UNDP, 2007).

3.2. Reservoirs

At present time, approximately 90% of the water resources in Uzbekistan are used for
irrigated agriculture. In fact water is withdrawn from the surface runoff by a system of 1130
pumping stations that irrigate over 50% of the total irrigated land, via a 22,300 km long network
of inter-farm and main canals, and 42 water intake structures (with a capacity of 10-300 m*/sec)
(UNDP, 2007). In fact about 24% of irrigation water in Uzbekistan comes from water reservoirs
(Figure 5).

This complex hydraulic infrastructure is financed and maintained by the government.
However, with the transition period of Uzbekistan from a centralised to a market-oriented
economy, financial flows have been reduced. For example, over a 10 years span (1991-2001) the
government investment portfolio assigned for rehabilitation activities has decreased from 27% to
8%, the capital investment to the water sector being reduced by 5 times (UNDP, 2007). This
reduction in investment portfolio has further worsened the operation and maintenance of existing
infrastructure and this particularly concerns water reservoirs.

The total number of man-made water reservoirs in Uzbekistan is 55 (Table 2) (UNDP,
2007; Rakhmatullaev et al., 2008b). The total gross volume capacity of all reservoirs is about 19
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km?® and the useful volume capacity is about 14.5 km® whereas the total surface area of reservoirs
is estimated about 1450 km?. The average dam height is about 39 m with a maximum of 168 m
(Tupalang reservoir) and a minimum of 11.5m (Uchkyzyl reservoir). About 57% of all
reservoirs have a volume capacity about 1 to 50 Mm? but only five have a volume capacity of
more than 1 km®. Moreover for the surface area, only eight reservoirs have a surface area greater
than 50 km?. Table 3 gives the main characteristics of large water reservoirs in Uzbekistan.
These nine major reservoirs constitute about 86% (16.8 km?®) of the total reservoir volume
capacity and about 94% (1362 km?) of the total surface area in Uzbekistan.

Almost 90% of all dams are used for irrigation purposes and only two for hydropower
(Andijan and Charvak). The Amu Darya river is regulated by 78% whereas only by 94% for the
Syr Darya river (UNEP, 2005; Rakhmatullaev et al., 2008a; UNDP, 2007). For example, all
main run-on-the-river reservoirs for the regulation of the Amu Darya and Syr Darya river flows
are located beyond the boundaries of Uzbekistan, with the exception of the Andijan, Tuyamuin,
and Janubiy Surkhan reservoirs (Figure 3). Therefore Uzbekistan is vulnerable in terms of
transboundary reservoir management for a sustainable water allocation. There are almost no sites
left for the construction of new reservoirs. Thus it is a strategic importance to rationally calculate
the available water resources in the existing reservoirs for assuring a guaranteed water supply for
the agriculture, industry and municipalities.

The peak of dam construction is dated to the soviet period when its policy was aiming at
expanding irrigated lands for the mass production of cotton. These impressive actions have
resulted in a great increase in irrigated lands from 2.57 million ha in 1960 to 4.22 million ha by
the late 1980°s (UNDP, 2007). The dam construction is graphically illustrated in Figure 6. About
75% of dams were constructed in the 30-years period from 1961 to 1990 with 93% of a total
reservoir capacity known as the “soviet period” (Rakhmatullaev and Le Coustumer, 2006;
Rakhmatullaev et al., 2008b). After the 1990’s just a few dams have been constructed mainly to
finish the already initiated projects. At present time two dams are being constructed in
Uzbekistan for securing water availability for the vegetation period. For example, for the
mitigation of drought in the 2000-2001 years, the government of Uzbekistan in the Namangan
province initiated the construction of the Rezaksai reservoir with a total capacity of 0.2 km? in
the perspective of increasing the water availability up to 0.66 km?.

3.3. Sedimentation and erosion

The environmental concerns related to land degradation are desertification, loss of
biodiversity, land salinization and overgrazing of lands that can generate high rates of erosion
and sedimentation (Tookey 2007; UNEP 2005; UNDP 2007).

The World Bank (2005) reports that the loss of vegetative cover on rain-fed and pasture
lands in Uzbekistan has contributed to the severity of runoff, floods, landslides and drought
when adverse weather events did occur. In Uzbekistan, the common forms of erosion are mainly
wind and irrigation. In particular, wind erosion is dominant in desert regions of Khorezm,
Bukhara and Karakalpakstan. According to Talipov (1992) the wind erosion is observed above a
wind velocity of 15 m/s. Figure 7 depicts the percent of affected lands to different types of
erosion in Uzbekistan. The erosion by water and irrigation has increased due to the improper
irrigation methods and to the increase of irrigated areas on steep slopes. In addition, the main
contributing factors are deforestation and overgrazing (UNESCO, 2000). Nowadays, wind
erosion has dramatically decreased by 50% against 1980s due to preventive action plans by
vegetation strips around irrigated areas but the specific losses of humus layer over a season due
to erosion can still reach 80 t/ha (UNDP, 2007). According to a recent study by the UNDP,
around 0.8 million ha of land is subject to water erosion and more than 2.3 million ha suffered
from wind erosion in Uzbekistan.

UNEP (2005) reports that about 75% of the total number of mudflows in the CA region
has occurred in Uzbekistan. According to the World Resource Institute, the percentage of
watershed basin affected by water-related erosion is about 5% for the CA region and for
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Uzbekistan (Revenga et al., 1998). Talopiv (1992) reports that the mean annual soil erosion by
water is estimated to be between 100-150 tons/ha whereas its value varies from 25 to 50 tons/ha
for gentle slopes to 500 tons/ha for steep slopes. To combat the erosion various mitigation
measures have been used in Uzbekistan such as the implementation of vegetation strips,
terracing on steep slopes, implementation of engineering erosion preventive structures and the
application of conservation tillage techniques (Rakhmatullaev and Le Coustumer 2006;
Rakhmatullaev et al. 2008b).

Smalley et al (2006) discusses the loess formation processes in eastern part of Uzbekistan
near the capital of Tashkent. According to their arguments the hydrocollapse and water erosion
are closely related and are controlled by the complex nature of the loess ground. Dust clouds in
eastern Uzbekistan are largely loess related, but in the west dust material is raised from the
drying Aral Sea bed; this is mainly composed of clay minerals agglomerated material and can
carry on dangerous pollutants.

3.4. Silting up of reservoirs

According to the Uzbekistan Ministry of Agriculture and Water Resources (UzZMAWR),
11 out of the 27 inspected reservoirs are almost completely silted up and at 5 other reservoirs the
silt has almost reached the level of the outlet structures (UNDP, 2007).

In 2001 the Uzbek Bathymetric Center was established under the umbrella of UzZMAWR,
which is authorized for bathymetric surveys using new technology including GPS (Global
Positioning System), depth measuring transducer CEEDUCER® of Bruttour International PTY
Ltd. Bathymetric survey are then carried out from a moving boat using electronic depth-
sounding equipment in conjunction with GPS and an automatic data recorder CEEDUCER®
with its base station located on the shoreline according to standards (McPherson and Harmon,
1998; USACE, 2001; IHO, 2005). GPS was used to determine the latitude and longitude for each
depth measurement. Sounding equipment was used to measure depth from a transducer probe,
operating at the frequency of 200 kHz to the bed of the reservoir. Depths recorded by the
sounder were measured at a fixed distance below the water surface (Bathymetric Center, 2003).
The recorded depths and the constant value of the depth sounder were subtracted from the water
surface elevation to obtain elevations of the reservoir bed. The depths were synchronized with
the GPS data to determine the location of the probe as the boat traversed across the reservoir.

The center has performed bathymetric surveys in 16 reservoirs in Uzbekistan (Table 5)
(Bathymetric Center, 2003). As it can be seen the total volume capacities and the dead storage
capacities of all reservoirs have decreased by about 18% and 55% respectively on the average.
For example, the dead volume capacities of 7 reservoirs decreased by more than 75%. This is an
alarming signal that in new future the sedimentation rates can be unprecedented with operation
and maintenance issues.

4 Research on reservoir sedimentation in the former Soviet Union

In the area of fluvial morphology, erosion and sedimentation research, significant
development was carried out in the FSU that greatly contributed to this domain of knowledge. It
should be worth to discuss in brief the contributions of Russian speaking scholars in the domain
of water reservoir sedimentation.

Sedimentation of engineering hydraulic structures, reservoirs, irrigation channels and
their mitigation measures have been studied extensively by the Soviet and scientists of
Uzbekistan. We have to mention the fundamental research works of the following authors:
Altunin (1962), Avakyan (1987), Velikanov (1954), Vuglinskiy (1991), Ibad-Zade (1989),
Karaushev (1969 and 1977), Popov (1977), Shamov (1939), Lapshenkov (1959); Uzbekistan
scholars: Muhamedov (1976), Nikitin (1991), Skrylnikov (1987), Ismagilov (1997), Bakiev and
others (Karaushev, 1977; Irrigation of Uzbekistan, 1975, Rakhmatullaev et al., 2008b).

Shvartsman (1994) reviews the common reservoir sedimentation computation methods
based on the mean long-term annual sediment inflow of the river to the total reservoir volume
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used in FSU. It is known that the major contributing source of the reservoir sedimentation is
suspended and bedload sediments carried out by streamflow and to less extent the bank erosion
and eolian sediments carried out by wind from surrounding areas in the vicinity of the reservoir.
According to the research of Skrylnikov (1987) this can contribute to about 3-6% of the total
sediment load.

The two main characteristics such as water exchange duration (T;) and sedimentation rate
(tc) are first preliminary indexes used for reservoir sedimentation in the FSU.
The value of T, is expressed in years and determined from the following equation:

Tc:%m (1)

where: W is the reservoir volume at full pool elevation (m®) and Vi, is the mean annual long-term
river inflow to the reservoir (m®/year).
The value of t; is estimated from the following expression

tc=%s )

where: W is the reservoir volume at full pool elevation (m®) and V; is the mean annual long-term
sediment inflow flux to the reservoir (m®/year).

Indeed the actual reservoir sedimentation always exceeds the value of estimated t.
because of the part of sediments load discharged downstream. The abovementioned methods
give only preliminary generalized assessment of reservoir sedimentation. Under the conditions of
T. > 0.02 then the total reservoir sedimentation is estimated. For example, the first step is
computation of t; value and if this value exceeds 200 years then this ought to be the potential
reservoir operation period. In this case, the sediment accumulation volume in a specified number
of years is calculated as a product of a mean annual sediment inflow load by the number of
years. On the other hand, if the value of t; is less than 200 years then the reservoir sedimentation
should be estimated taking into account the sediment discharged downstream. The following
data should be available for use of abovementioned methods such as mean long-term water
discharge, total sediment discharge of streamflow to the reservoir, morphological shapes of the
streamflow and reservoir.

Bobravitskaya (2002) reviews the erosion and sediment yield models used in the FSU
and outlines the major retrospective development in the domain of soil erosion studies, soil
classification system, global and regional soil maps in the FSU and major soil erosion factors
and processes with integration of various qualitative and quantitative assessment methods and
models in particular.

Bobravitskaya and Zubkova (1997) comprehensively reviewed the estimation methods
for determining annual suspended sediment yield in rivers that has been developed and still used
in the countries of the FSU. There are about 24 major factors of anthropogenic origin that impact
the sediment yield such as construction of hydraulic structures on riverine systems, land use on
slopes, deforestation, irrigated agriculture, mining, fires and others. It is out of scope of the paper
and for detailed discussion of methods used and developments in this area one should consult the
abovementioned authors.

Ismagilov (1997) has first reviewed fluvial sediment transport estimation methods that
are available from the international scientific community for the arid CAR. One can cite the first
review papers by Golosov et al (2008) and Alekseevskiy et al (2008) for fluvial geomorphology
sciences development in the FSU with principles and different methods used in this domain of
research. The paper briefly overviews the major developments in erosion and sedimentation
studies carried out in the CAR which have been transformed significantly due to the massive
water resource development in the era of Soviet legacy. The early studies for examining channel
deformations in reservoir basins in Uzbekistan have been documented in the 1950’s with
massive development of irrigation steppes and regulation of flow regimes in Uzbekistan
(Irrigation of Uzbekistan, 1975).
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In 1939 Shamov wrote a generalized monograph on reservoir sedimentation (Karaushev,
1969). He suggested a relatively simple approximate sedimentation calculation method that
looks at the morphological characteristics of water body and sediment yield for examining the
chronology of the reservoir sedimentation. In later periods, more detailed reservoir sedimentation
calculation methods have been developed by various authors (Irrigation of Uzbekistan, 1975,
Rakhmatullaev and Le Coustumer, 2006).

Skrylnikov et al. (1987) reports that Altunin (1962) has suggested that the reservoir
sedimentation process can be subdivided into lake (free from sediments) and channel
(concentrated with sediments) parts. In the process of sedimentation, the channel part advances
onto the lake part and at the same time advances upstream, thus constructing supplemental
dynamic reservoir storage (Irrigation of Uzbekistan, 1975).

Lapshenkov (1959) has proposed a more elaborated sedimentation estimation method
that has proved to be correlated by field observations (Skrylnikov et al., 1987). Lapshenkov
(1959) has also proposed an equation describing a linear relationship between the released
sediment discharge and the volume of sediment accumulation for low head barrages based on
quasi-laminar theory of sediment settling in sedimentation process.

The equation expresses the volume change in the reservoir over time:

V.=V xe" 3
Where:
Vo - is the maximum (upper limit) of sedimented volume (reservoir volume minus river channel
volume at the end of the sedimentation period), m*
£ -the sedimentation characteristics depending on annual sediment yield (maximum volume
that will be silted and initial level of sedimentation), m®
t the period of reservoir operation in years.

For the calculations of the sediment distribution along the length of the reservoir
Lapshenkov (1959) has suggested to use the above mentioned equation for any cross-section of a
reservoir (changing Vo and & ) and determine the sedimentation area as the difference in
accumulation deposited in two adjusted cross-sections apart of 1 m between them. The
Lapshenkov method was extensively used for the prediction and calculation of sedimentation
rates in the design of many reservoirs in Central Asia and is considered as a standard.

The rate of reservoir sedimentation is characterized by & (clarification coefficient, i.e.,
the fraction of sediments that is retained in reservoir) which depends on the volume of the
reservoirs, water discharge, sediment size distribution and turbidity. It is known that prior to the
impoundment, the sediment carrying capacity of river is not altered and can therefore transport
all sizes of sediments. The initial headwater volume capacity of reservoir W;includes the volume
capacity of the river channel (W) that transports all sediment fractions. W, is calculated by
multiplying the cross-sectional area of the river channel by the length of the reach where
hydraulic head is observed in headwater part of the reservoir. Prior to the impoundment there is
no hydraulic head in headwater part of the reservoir thus W; equals to W, and the coefficient of
clarification is zero. Therefore, under the conditions W;/W, =1, then & =0, and when Wi/W, <1,
then &£ >0. Skrylnikov et al. (1987) while analyzing the coefficient of water clarification has
suggested to divide the sedimentation process into two phases: in the first phase full
accumulation of sediments in reservoir occurs, characterized by a constant level of clarification
£ =95 to 97%, the second phase is observed when the reservoir storage decreases to the level of
W; <7.7-W, ,because of sedimentation processes, and is characterized by a rapid reduction of the
clarification level (Skrylnikov et al., 1987; Rakhmatullaev et al., 2008b).

5 Conclusion and Perspectives

Uzbekistan which is located downstream of the two main rivers of Central Asia (Amu
Darya and Syr Darya) experiences a water deficit allocation both in time and space for irrigation
due to climatic conditions and the human induced water reservoir system. Agriculture based on

11



516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556

irrigation is a dominant sector for employment, state foreign revenues and livelihood in

Uzbekistan. Thus it is of paramount importance to accurately estimate the available water

resources in reservoirs for an assured water allocation and sustainable management of the

existing physical hydrological infrastructure. In fact almost the majority of reservoirs has lost
their dead storage capacities due to sedimentation and in the next 20-30 years reservoirs will loss
their functionality if mitigation measures are not undertaken.

The transboundary nature of the hydraulic engineering infrastructure systems of
Uzbekistan gives a geopolitical dimension to the management and use of water reservoirs. The
uneven distribution of water resources and the heritage of soviet regulating infrastructure of the
Naryn-Syrdarya reservoir system have a profound impact on the environment and the
competition for irrigation or energy sectors in the CA. For example, the Charvak reservoir was
filled with water only by 50% in 2008. This will put extra pressure on the water reservoirs that
already accounts for 24% of irrigation water in Uzbekistan.

With the reduction of government financial investment portfolio in the rehabilitation and
maintenance of hydraulic structures, it is urgent to adopt an innovative approach for reservoir
sedimentation survey projects with the use of geoinformation technologies. We would like to
propose the following recommendations to be used for the estimation of the sedimentation
impacts on reservoirs.

1. New technologies and methods for the prediction of the water availability and loss of
reservoir volume to sedimentation have proved to be cost-effective in reducing the number of
personnel and time for such surveys by several folds based on the use of contour and
mapping programs with interpolation techniques

2. Research must be carried out on the estimation of erosion and sedimentation yields on the
watershed across Uzbekistan to develop a comprehensive database on the magnitude of
erosion and sedimentation rates. Introduction of an Integrated Sediment Management
Concept must be incorporated into the decision making processes in the early stages of the
planning of the construction of new reservoirs, and active involvement of the research
community into the decision making procedure will benefit to the sustainable use and
management of both physical hydraulic infrastructure and consequently to the optimal use of
the scarce water resources of Uzbekistan.
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Fig. 1. Schematic location of main water reservoirs and their volume capacities in Central Asia
(adopted and modified from Nikitin, 1991)

Fig. 2. Development of irrigated land in Central Asia countries, 1913-2003 (Sattarov et al., 2006)
* Data for Kazakhstan from FAO, 2007

Fig. 3. Location of main reservoirs in Central Asia

Fig. 4. Trends of irrigated land and specific water intake for irrigation in Uzbekistan, 1990-2020
(after United Nations Development Program 2007)

Fig. 5. Origin of irrigation water in Uzbekistan, 1994 (Food and Agriculture Organization of
United Nations 2007)

Fig. 6. Rate of reservoir construction in numbers and gross volume capacity in the twentieth
century in Uzbekistan

Fig. 7. Area affected by water, wind and irrigation erosion in Uzbekistan, 1968-1989 (Talipov,
1992)
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824  Table 1. Construction of water reservoirs in the Central Asian region (Skrylnikov et al., 1987)
825

826

Parameter Prior 1919- 1941- 1951- 1961- 1971- 1981-
1918 1940 1950 1960 1970 1980 1985

No. of reservoirs 5 2 4 17 21 19 7
2@3{"“&‘)“”3’ 0172 0167 125 723 468 350  0.89
Cumulative
Volume capacity 0.17 0.34 1.59 8.82 13.45 4845 49.34
(km®)

827

828

829

830

831

832

833  Table 2. Distribution of reservoirs in Central Asia by country and their share to irrigation (Food
834  and Agriculture Organization of United Nations)

835

836
Country Total reservoir Number of Irrigation water

volume capacity reservoirs from reservoirs
(km?)? (%)"

Kazakhstan 88.8 180 32
Kyrgyzstan 23.5 18 13
Tajikistan 29 19 28
Turkmenistan 2.89 18 54
Uzbekistan 19 55 24
Total in CA 163.19 290

837

838  2FAO, 2007; " FAO, 1994.

839

840
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841  Table 3. Distribution of water reservoirs in Uzbekistan by administrative boundaries (United
842  Nations Development Program, 2007)

843

844
Province Number Useful Province Number Useful

Volume Volume
Capacity Capacity
(km®) (km®)
Amu Darya River Basin Syr Darya River Basin

Khorezm 1 4.5 Andijan 3 1.7
Kashkadarya 14 2.3 Tashkent 5 1.9
Samarkand 7 1.1 Fergana 4 0.25
Surkhandarya 4 0.9 Namangan 7 0.23
Navoi 2 0.8 Jizzak 4 0.18
Bukhara 2 0.4 Syrdarya 2 0.01
Total 30 10.1 25 4.45

845

846

847

848

849

850

851  Table 4. Characteristics of the large water reservoirs in Uzbekistan (Bathymetric Center of the
852  Ministry of Agriculture and Water Resources of the Republic of Uzbekistan, 2003)
853

854
Reservoir River Basin Started to Dam  Total volume Surface
operate height capacity area
(Year) (m) (km®) (km?
Tuyamuin® Amu Darya 1980 34 7.80 650
Charvak Chirchiq 1977 168 2.0 40.3
Andijan Kora Darya 1970 121 1.90 55.5
Tallimarjan ~ Amu Darya 1985 36 1.52 77.3
Tudakul Amu Darya 1983 12 1.20 162
Kattakurgan  Zerafshan 1953 31.2 0.82 84.5
Janubiy Surkhan Darya 1967 30 0.80 65
Surhan
Chimkurgan  Kashka Darya 1963 33 0.50 49.2
Kuyimazar =~ Amu Darya 1958 23.5 0.32 178.5

855 2 Tuyamuin is composed of four reservoirs: 1) Ruslovoy with volume capacity (2.34km°); 2)
856  Sultansanjar with volume capacity (2.69km?®); 3) Kaparas with volume capacity (0.96km?>); 4)
857  Koshbulak with volume capacity (1.81km?).

858
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859  Table 5. 16 Reservoirs in Uzbekistan where sedimentation estimation was carried out by new
860 technologies (Bathymetric Center of the Ministry of Agriculture and Water Resources of the
861  Republic of Uzbekistan, 2003)

862

863
Reservoir Initial Silted Initial Silted  Started to

Volume volume Volume Volume  operate
(Mm?) (%) (Mm?) (%) (Year)
Total Volume Capacity Dead Volume Capacity

Tashkent 250 16.9 26 76.3 1962
Talimarjan 1525 3.9 125 2.23 1985
Janubiy 800 37 100 78.7 1967
Surkhandarya
Kuyimazar 310 11.2 47 6.7 1958
Tudakul 1200 13.7 600 9.6 1983
Akhangaran 198 4.8 13 27.7 1969
Andijan 1900 13.4 150 39.2 1970
Jizzak 100 19.9 4 96.2 1966
Kattakurgan 900 22.5 24 87 1953
Tupalang 100 16.6 8.79 88.4 1992
Khissarak 170 13.2 8.4 100 1985
Chimkurgan 500 22.7 50 31.8 1963
Pachkamar 260 25.9 10 99.8 1967
Akdarya 1125 17.2 2.5 41.6 1984
Ruslovoy 2340 44.9 270 86.5 1980
Kaparas 960 1.9 410 1.65 1983
Average 17.8 54.6

864

865
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ABSTRACT

For the fulfillment of the thirsty ambition of self-sufficiency of the
Soviets for cotton production, the arid Central Asian region, particularly,
Uzbekistan has been extensively exploited. In fact, vast tracts of deserts
have been converted into irrigated agricultural lands without proper
consideration of the environment and technical standards. As a result,
trends in natural resource degradation (soil salinity, desertification, water
quality) as well as declining crop yields have dramatically increased.
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The agricultural sector is the backbone for employment, food
security and export revenues of the Central Asian countries. Since the
independence of the Central Asian countries (after the breakup of the
former Soviet Union), the situation has changed dramatically in terms of
institutional, political and technical systems. Political transition, which is
defined as a shift from a once planned centralized economy to a market-
driven one, has introduced ‘new’ concepts like land tenure, water rights
and different kinds of ownership. All such transformations have impacted
the agricultural production in Central Asia.

The institutional change can be described as decentralization of the
farming systems, i.e. transition from the former state collective farms into
the smaller forms of private farms. The institutional interventions are
aimed to increase agricultural production through improving water
management. It is arguable that private production systems are the most
effective business-driven forces but the situation is quite different in
Central Asia due to the irrigated agriculture.

The biggest challenge for a sustainable irrigated agricultural
production lies in the recent reforms of the water management sector in
Central Asia and Uzbekistan. Water users’ associations have been
established to replace the former collective farming systems for irrigation
water distribution and maintenance of irrigation infrastructures at the on-
farm level. The intention of the national government was to shift the
operation, maintenance and management of irrigation infrastructures to
non governmental institutions (decentralization). However, these
institutions have not fulfilled their promising tasks because of i) a rapid
increase in the number of private farms along canals; ii) the cropping
structure which is a mosaic with different crop water requirements
compared to the former monoculture; iii) poor financial, training and
technical capacities of the newly established institutions; iv) a state-
ordered agricultural production quota system (for cotton and wheat).

This paper analyzes the historical aspects of the transformation in the
farming production institutions in Central Asia with a special focus on
Uzbekistan and comprehensively overviews the main current challenges
facing the farming system and potential opportunities for reversing the
situation.

Keywords: irrigated agriculture; water users’ associations; agricultural water
management; soil and water pollution; cotton production; Central Asia
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1. INTRODUCTION

After the fundamental and extremely fast political transformation of the
Central Asian (CA) region (collapse of the Former Soviet Union and
emergence of National States), the land-locked arid countries of Central Asia
(Kazakhstan, Tajikistan, Kyrgyzstan, Uzbekistan and Turkmenistan) have
directed their natural resources utilization for the economic development from
a previously central-planned economic system to a market-oriented one. The
once interconnected branches of economies in Central Asia have become
fragmented and collapsed (UNEP, 2005). Many thousands of jobs have been
destroyed. Business and industry sectors with rich oil and gas reserves have
shown their flexibility under a new transformation process but the most
impacted was agriculture.

In this hard period, agriculture has played a vital role for absorbing
employment of rural populations. Kandiyoti (1999) describes the agricultural
sector as being a “shock absorber” for the surplus of rural labor. In fact, in the
CA region, agriculture employs about 45% of the total population and its share
in GDP (Gross National Product) is 24% on average (FAO, 2009). Some 22
million people depend directly or indirectly on irrigated agriculture in these
countries (World Bank, 2003). Besides, the export of cotton contributes to
significant foreign cash revenues for Tajikistan, Turkmenistan and Uzbekistan.
Sustainability of irrigated agriculture is one of the main platforms for food
security, employment, livelihoods and environmental protection.

With the independence of the CA countries, the situation has changed
dramatically in terms of institutional, political and technical systems (IAMO,
2008). Political transition from a once planned centralized economy to a
market-driven one has introduced ‘new’ concepts like land tenure, water rights
and different kinds of ownership. Institutional reforms have been implemented
for arrangements of previously state-owned collective farms into a new private
form of farming system. Ideally the de-centralization of farming systems
should have created new opportunities for rural people. Indeed the fast
privatization of agricultural lands has created thousands of workplaces with
the complete privatization of agricultural parcels in Kyrgyzstan and long-term
leases in the rest of the Central Asian states (Sehring, 2008).

The reform of agriculture was inevitable in the process of political and
economic transformation. The private form of farming system would be better
and contribute to agricultural production and, as a result, to tax returns for
governments. The climatic conditions and limited water resources of the
region impose the practice of irrigated agriculture only, which makes irrigation
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water supply and management the major factors limiting crop yields in the
region (Ibragimov et al., 2007).

About 7.9 million ha of the total irrigated lands in Central Asia, of which
about half (4.2 million ha) is irrigated, is in Uzbekistan (World Bank, 2005).
Over a period of 90 years (1913-2003) the areas under irrigation have
increased by 3 times on average in the CA region, e.g., from 4.51 million ha in
1960 to 6.92 million ha in 1980 and to 7.85 million ha in 2000 (UNEP, 2005;
Sattarov et al., 2006). This increase was due to a gigantic Soviet hydraulic
program through the construction of dams, irrigation canals, pumping stations
and various hydraulic facilities. This hydraulic infrastructure is considered as
one of the most complex in the world (O’Hara, 2000; Ximing et al., 2000;
UNDP, 2007).

Additionally there has been a general warming up in the CA countries on
the order of 1-2°C since the beginning of the 20th century that might have a
strong impact on the regional temperatures and precipitation regime but also
on natural ecosystems and agricultural crops (Lioubimtseva et al., 2005).

From a technical point of view the major bulk of hydraulic infrastructure
(irrigation and drainage) are in poor conditions and government financial
programs for the maintenance have been substantially reduced (UNESCO,
2000; Sokolov, 2006; UNDP, 2007).

The aim of this paper is to comprehensively review the two sets of
problems that most impact the sustainability of irrigated agricultural
production systems in Central Asia with special focus on Uzbekistan. The first
set of problems is reforms in agricultural production systems (de-
collectivization), i.e. transformation of a former collective farming into current
private farming systems. The second set of problems is the on-farm irrigation
water distribution and infrastructure management by recently created local
institutions such as the Water Users Associations (WUA).

Along with de-centralization in agriculture, water management system
was also transformed in Uzbekistan at two levels (Abdullaev et al., 2008). In
this paper we will deal with only irrigation water management at the on-farm
level. The irrigation water management was transformed from once a
territorial-based management to a hydrographic principle at the basin level.
The second level is the creation of WUA at the on-farm level. A WUA is a
self-managing group of farmers working together to operate and maintain their
irrigation and drainage network (only inter-farm or on-farm level) to ensure a
fair and equitable water distribution and increase crop yields (Abdullaev et al.,
2009; Kazbekov et al., 2009).
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At the watershed level main the irrigation water distribution management
and hydraulic infrastructure were left for the government for operation and
maintenance. At the on-farm level (secondary and tertiary) irrigation canals
were shifted to WUAs. However, these institutions have not fulfilled their
promising tasks because of i) a rapid increase of the number of private farms
instead of a few former collective ones along a single irrigation canal; ii) along
a irrigation canal the cropping structure is a mosaic with different crop water
requirements, irrigation regimes in comparison to the former monocultural
cropping structure; iii) a poor financial, capacity building and technical
capabilities of the new established institutions; iv) a state ordered agricultural
production quota system (for cotton and wheat).

Last but not least there are environmental concerns such as land
degradation (elevated land salinity and waterlogging) of irrigated lands. Poor
incentives of farmers to preserve the irrigation water, physical deterioration of
the irrigation and drainage networks exacerbate the sustainability of irrigated
agriculture. As a result the crop yields have declined by 50 percent (UNESCO,
2000). The continued soil degradation would jeopardize the sustainability of
irrigated agriculture and impact the livelihoods of million people.

2. UZBEKISTAN

Uzbekistan is located in the heart of Central Asia with a population over
27 million and borders with Kazakhstan in the north, Kyrgyzstan in the north-
east, Tajikistan in the east, Afghanistan in the south and Turkmenistan in the
south west (Figurel). Administratively, Uzbekistan is divided into 12
provinces (viloyat) and one autonomous Republic of Karakalpakstan. The
deserts (Kara Kum and Kyzyl Kum) and plains (Turan and Ustyurt) stretch
from south-east to north-west and constitute roughly 80% of the landscape, the
mountain systems of western Tian Shan and Pamir Alay occupying the rest of
its territory (Shultz, 1949; Irrigation of Uzbekistan, 1979).

The average monthly air temperature for January ranges from +3°C in the
south (Termez) to -8°C in the north (Usyurt plateau) and in the summer
temperatures can reach 45-49°C. The average annual precipitation in the desert
zone is less than 200 mm while in the piedmont and highland zones it can be
of 400-800 mm with a maximum of 2000 mm in the mountain areas
(Goskompriroda of Uzbekistan, 2005; UNDP, 2007). The annual average
evaporation is about 1600-2200 mm. Thus agricultural production is
impossible without irrigation.
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Figure 1. Location of Uzbekistan and Central Asia

2.1. Water Resources

With an annual rainfall of 100-300 mm and a mean evaporation of 1600-
2200 mm, Uzbekistan has a continental climate of a dry mid-latitude desert,
characterized by hot summers and cold winters (Shultz, 1949; FAQO, 2009). Its
climate is largely arid and its water resources are unevenly distributed both in
space and time. There is a strong dependency on winter and spring rains and
snowmelt from the Tian Shan and Pamir mountains. In fact these mountains
are major contributors to the watersheds of the CA countries (World Bank,
2005; Hagg et al., 2007).

The streamflow is characterized by an extreme intra-annual variability and
also unevenly spatially distributed (Rakhmatullaev et al., 2009). Two main
river basins are found in Uzbekistan, the Amu Darya and the Syr Darya
(Dukhovny, 2007). These transboundary rivers satisfy 82% of the total water
demand for irrigation, whereas only 18% of the same demand is satisfied by
the internal Kashka Darya, Zerafshan and Surkhan Darya rivers in Uzbekistan
(Figure 1) (Shultz, 1949; Nezlin et al., 2004). Uzbekistan heavily depends on
transboundary sources of water and on average only 9.52km’ of water
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resources are generated within the country whereas 94.8km’> comes from
outside (Statistics Committee of Uzbekistan, 2006; Rakhmatullaev et al.,
2009).

2.2. Soils

The soils of Uzbekistan vary according to the latitude and altitude zones
which in turn are associated with particular climatic conditions and vegetation
cover (Figure2 and Tablel). Due to climatic conditions and aridity about 14.6
million ha (32% of all soil types) are represented by desert type of soils (grey-
brownish desert, sandy and takyr with their subtypes). These soils cannot be
used for irrigation because of their inherited characteristics, available water
resources for irrigation, salinization and harsh relief; they are instead mainly
used for cattle breeding of camels and sheep (Talipov, 1992).

Legend

- Desert type
| - Saline soils
- Sands
- Hydromorphic
[ ] serozembelt

- Chestnut and brown {subtype)

60km

Figure 2. Soil map of Uzbekistan

Saline soils (solonchak and their subtypes) are distributed in
Karakalpakstan and near the Aral Sea area and occupy about 1.3 million of ha
(3%) and prevail in the local depressions located in lowland plains, lake basins
and between mountains (UNDP, 2007). With appropriate irrigation and
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drainage systems, they can be used for agriculture. Sands cover more than 12
million of ha (about 28% of the total surface) in Uzbekistan and are unsuitable
for agriculture. About a total 63% of soils (out of total of 44.89 million of ha)
in Uzbekistan cannot be used for irrigation due to their inherited soil
characteristics, available irrigation and drainage facilities.

Table 1. Soil typedistribution in Uzbekistan (Talipov, 1992)

Soil type Area Million % of area occupied (ﬁ)lcfi/tzi::a
ha to the total
level) m
Plain zone
Grey-brown desert 11.5 25 150-250
Sandy 1.37 3 120-150
Takyr 1.78 4 120-180
Meadow-takyr 0.47 1 120-150
Meadow and wetland-meadow 1.85 4 80-100
Solonchak 1.27 3 80-100
Sands 12.1 28 120-150
Piedmont and mountain zone

Light serozem 2.59 6 250-500
Typical zerozem 3.05 7 500-700
Dark serozem 1.06 2 750-1200
Brpwn and brownish middle- 166 4 1200-2800
altitude
Light brownish high-altitude 0.54 1 2800-3500
Meadow-serozem 0.78 2 250-500
Meadow and wetland-meadow 0.75 2 250-500
Rock 3.0 6 -
Water surface 1.12 2 -
Total 44.89 100

The hydromorphic soils (meadow, meadow-takyr and their subtypes) are
distributed over 3.8 million ha (9% of the total surface) in all regions of
Uzbekistan but can be found particularly in the middle and lower river reaches
of Amu Darya, Syr Darya, Zerafshan, Kashka Darya, Surkhan Darya, and in
the Aral Sea wetlands. These soils have a high humus content of 2.5-10% with
high absorption capacity and used widely for rice cultivation (Goskompriroda
of Uzbekistan, 2005).

The soils of the serozem belt (light, typical and dark) are distributed over
6.7 million ha (15%) on the lower margin of the piedmont plains with an
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altitude of 200 to 700-900 m above sea level. These soil types have a high
humus content (2-4%) and are less subject to salinization and can be used for
rain-fed and irrigated agriculture. With the application of agronomic measures
(e.g. fertilizers and conservation tillage) these soils can be used more
productively for agriculture (Statistics Committee of Uzbekistan, 2006).

About 2% of the land surface in Uzbekistan is occupied with water bodies
(reservoirs, lakes, rivers) and 6% by rocks. About 5% of the land (2.2 million
ha) are represented by chestnut, brown and light brown soil types in mountains
in altitude from 1200 to 1600 m above the sea level and subjected to erosion.
The main usages of these soils are plantation of trees and pastures (UNEP,
2005).

2.3. Irrigated Agriculture and Cotton Production

The total cultivated land in Uzbekistan is estimated to be 5.2 million of ha,
of which 4.2 million ha are irrigated (UNESCO, 2000). Figure3 depicts the
evolution of the irrigated lands in Uzbekistan for the last century. The irrigated
lands almost increased by 3 fold over the last century: about 1.3 million ha in
1900, 2.6 million ha in 1950 and 4.2 million in 2000 (UNEP, 2005). However,
Uzbekistan has witnessed a population boom; in fact there was an increase of
4 fold of the total population i.e. from 6.5 million in 1940 to over 26 million in
2007. As a result, the irrigated lands per capita reduced from 0.41 ha/person in
1940 to only 0.16 ha/person in 2008 (UNDP, 2009) (Table2).

4,5

35 .
2,5 -

Irrigated land (million ha)

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Years
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Figure 3. Evolution of irrigated lands in Uzbekistan for the last century

Table 2. Population and per capitairrigated landstransformation in
Uzbekistan for the last century (Talipov, 1992; UNDP, 2009)

Year Total Population (‘000 persons) Per capita irrigated land (ha/person)
1940 6551 0.41
1960 8722 0.30
1970 11799 0.22
1980 16158 0.20
1990 19906 0.19
2000 24487 0.17
2007 26663 0.16

This expansion is supported by the complex irrigation hydraulic
infrastructure consisting of more than 14,000 different scale pumping stations,
over 28,300 km of inter-farm ditches and main irrigation canals and more than
137,000 km of on-farm irrigation ditches, 42 water diversion structures (with a
capacity of 10-300 m’/sec), 55 water reservoirs and about 30,000 km of
drainage systems (Royal Haskoning, 2001) (Table3).

Table 3. Irrigation network of Uzbekistan (Royal Haskoning, 2001,

UNDP, 2007)
Hydraulic structures Location in the system Unit
Irrigation canal Main 7923 km
Inter-farm 20437 km
On-farm (include) 137 385 km
Concrete lined 12 103 km
Chute 21 668 km
Conduit 3308 km
Pumping station Inter-farm 1466 pieces
On-farm 12 780 pieces
Drainage system Inter-farm 29 939 km
On-farm (include)
Open 106 321 km
Closed 30 242 km
Vertical drainage wells 4309 pieces
Irrigation well 5022 pieces
Water reservoir 55 pieces

Water intake

42 pieces
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In order to increase the area under agricultural production, large scale
hydraulic projects were started in soviet Uzbekistan. For example, in 1939
during 17 days, an irrigation canal named Lyagan with a total length of 32 km
was manually dug with the daily participation of more than 13 000 — 14 000
persons (Talipov, 1992). The Big Ferghana irrigation canal which stretches
over 270 km was dug in less than 45 days with the assistance of 160 000
persons (Rakhmatullaev et al., 2003).

In later periods, there have been gigantic projects to construct irrigation
canals, water reservoirs, pumping stations and other hydraulic structures with a
strong support from Moscow by enormous financial and technical resources.
However, environmental concerns were ignored by the centralized Moscow
administration and today several known ecological catastrophes such as the
Aral Sea catastrophe are witnessed. The detailed discussion on the historical
evolution of irrigation in Central Asia can be found in O’Hara (2000).

Talipov (1992) reports that the Soviet Union imported about 80% of its
cotton products in 1920s and in order to be self-sufficient for its textile
industry by internal cotton production, the Central Asian region was used as a
cotton producing platform. The area sown under the cotton increased by 7.5
fold from 1924 to 1990. Figure4 depicts the evolution of area sown under
cotton and its yield in Uzbekistan for the last century. For example, in 1913
the area sown under cotton constituted roughly 35% (out of total sown area)
whereas at the end of 1990, it accounted to more than 56%. The area under
cereals was reduced from 48% (out of total sown area) in 1913 to only 13% in
1990.
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Figure 4. Area sown under cotton and its yield for the last century in Uzbekistan

The operation and maintenance of this complex hydraulic infrastructure
was supported by the central Soviet administration. After the breakup of the
Soviet Union, the financial flows have ceased substantially for rehabilitation
works. For example, over a 10-year span (1991-2001) the government
investment portfolio for irrigation infrastructure rehabilitation has decreased
from 27% to 8% and the capital investment for construction to the water sector
was reduced by 5 times (UNDP, 2007).

This reduction in the investment portfolio has further worsened the
operation and maintenance of the existing infrastructure and everlasting
increase of electricity prices. The increase for electricity costs have
ramifications for the sustainability of irrigation infrastructure because as early
mentioned about half of total irrigated lands (2.2 million ha) in Uzbekistan are
operated via various lift and diversion facilities. Indeed about 80% of the total
Ministry of Agriculture and Water Resources of the Republic of Uzbekistan
budget is devoted to electricity costs for the operation of lift infrastructure.

2.4. Irrigated Land Quality Classification System

An irrigated land quality classification system in Uzbekistan is termed as
bonitet." Bonitet Score reflects the soils potential productivity (i.e. yield
potential of cotton) based on inherent fertility and quality (Noble et al., 2005).
It is expressed as a score on the scale of 1 to 100 (Table4). Assessment of
irrigated land quality is conducted over every 10 year span in Uzbekistan.

Table 4. Land quality classification in Uzbekistan

Classes Description Bonitet Score
10 Best 91-100
9 Best 81-90
8 Good 71-80
7 Good 61-70
6 Average 51-60
5 Average 41-50
4 Below average 31-40
3 Below average 21-30
2 Bad 11-20

1 Bad 0-10

! Bonitet is used by Government officials to classify land into classes based on their potential
productivity and quality to set annual production targets for a farm.
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This assessment system is based on the relationship between indicators
and characteristics of soils such as the humus content, soil texture, salinity
level and erosivity with its productivity. The generalized characteristics of the
irrigated land quality is quantified by a relative quantity values-bonitet score
(Talipov, 1992; Shadibaev, 2009). The bonitet score is conducted relatively to
a cotton yield of the best soil quality in Uzbekistan, (e.g. cotton yield of 0.04
tons per 1 bonitet score and wheat yield of 0.06 tons per 1 bonitet score). Thus,
the classes 1-4 are lands that need amelioration and remedial actions for
improving the soils.

The recent official average value of the bonitet score for Uzbekistan is
estimated to be 55. However the actual value is estimated to be 52-53. Figure5
depicts the evolution of the bonitet score for Uzbekistan. The bonitet score
decreased from 60 in the 1970s to 52 in 2000s. As the principle of bonitet
classification system was designed to estimate the cotton yield from the field
plot. The bonitet score is still used a major indicator for potential crop yields
of an agricultural land plot and thus lands with higher bonitet score are more
attractive for farmers.
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Figure 5. Institutional water management hierarchy in Uzbekistan

3. ENVIRONMENTAL THREATS
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According to UNESCO (2000) the average percent of irrigated land
affected by salinization in Central Asian region is about 23% with a range of
in the low 6% in Kyrgyzstan and in the high 50% in Uzbekistan. In addition,
the groundwater table has increased and the area of irrigated land with high
groundwater levels (less than 2 meters below the surface) exceeds 30% of the
total irrigated land in the region (Toderich et al., 2008).

Sustainability of irrigated agriculture in Uzbekistan is threatened by the
salinization of land and water resources (Tookey, 2007). The land and water
quality degradation is observed as a result of the excess water withdrawal over
the actual crop requirements that impact the crop yields, decreased aggregate
national income and affect the livelihoods of population (Murray-Rust et al.,
2003).

These problems are the result of seepage from unlined canals, inadequate
provision of surface and subsurface drainage and poor water management.
Approximately, half of the irrigated area falls under different types of salt-
affected soils and average yield of cotton losses may be as high as 50 percent.
The annual economic losses due to land salinity and its abandonment are
estimated to be more than US$43 million in Uzbekistan (World Bank, 2003;
UNDP, 2007). Though the loss of crop production due to soil salinization is
important, salinized land is generally still cultivated since no alternatives are
available at the present time.

4. INSTITUTIONAL MANAGEMENT

There have been various main transformations in agricultural production
system through primitive nomadic agricultural practices to the sophisticated
and heavy mechanized agricultural production in the Central Asia region.
Table5 depicts the major transformation phases in agricultural farming
systems in Uzbekistan for the last century.

Table 5. Typology of farming systemsin Uzbekistan

Period Type of farming system  Ownership Command area
(ha)

Prior 1900’s Nomadic Private various

1920-1940 Kolkhoz State cooperative farm 10 000-20 000

1940-1980 Sovkhoz State farm Up to 100 000

1990-2006 Shirkat Semi-Cooperative farm 1500 - 2000

2005-present Fermer Private farm 20
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2000-present Dekhkan Individual farm 1

4.1. Ancient Period

The earliest material evidence of irrigated agriculture is dated to the sixth
millennium BC, in the simplest form of liman (flood-land) farming
(Mukhamedjanov, 1978). The evidence also demonstrates a shift from simple
use of water resources to increased regulation of seasonal river flows though
melioration of individual plots, diverting surplus water and cleaning silt from
riverbeds. This allowed increasing the area under irrigation.

In the latter part of the VII century when the region came under Arab
control, extensive and sophisticated irrigation networks were constructed
which could deliver water for many kilometres from its source to the irrigated
lands (Irrigation of Uzbekistan, 1979; Mukhamedjanov, 1978; O’Hara, 2000;
Rakhmatullaev et al., 2003). In this period, the world famous remnants of
civilization such as Samarkand, Bukhara, Khiva, and Kokand (Uzbekistan),
Merv (Turkmenistan) have emerged.

There were three khanates (kingdoms) — Kokand, Khiva and Bukhara
from the XIII to late the XIX centuries in the territory of modern Uzbekistan.
The Figure6 depicts the hierarchy over water management in ancient times in
Uzbekistan.
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Figure 6. Hashar working for the cleaning of an irrigation canal in ancient Khorezm
(Irrigation of Uzbekistan, 1979)

The khan (king) was in the head of the water delivery hierarchy. Each of
them had a board of khokim and bek, local rulers who were appointed by the
khan. Each administrative territory was managed by a khokim or bek. Each
khokim or bek had appointed aryk bashi on the main irrigation canal. The aryk
bashi is a person who reported on the water level in main irrigation canal and
decided what water intake gates to be opened or closed (Mukhamedjanov,
1978; O’Hara, 2000). On the level of irrigation ditches, a mirab was
responsible for water allocation and operation of irrigation ditches. The mirab
was elected by local people in general and local farmers from respected
persons within the community for water allocation and distribution. The
dekhkans, peasant farmers, were the end users of the irrigation water
(Rakhmatullaev et al., 2003).

The land belonged to the khan and the dekhkans had a long term rent for
their plots. The size of the land rented to dekhkans depended on the family
size. The tax or rent payment was in the form of raw materials, mainly quarter
part of the grain harvest. The average assessment fee was 1/10 of the harvest
and it usually went to the mirab. However, the payment was never a consistent
percentage of the crop, as the farmer paid depending on how satisfied he was
with the job that the mirab was doing (Irrigation of Uzbekistan, 1979; O’Hara,
2000). Then the mirab estimated the needed amount of water and paid for the
water to the arik bashi. Therefore, the mirabs and dekhkans had no interest in
taking any extra amount water that exceeded their needs (Muhamedjanov,
1978).

The dekhkans were free to move to other kingdoms. Therefore, more
dekhkans in the kingdom was in the direct interest of each khan. In VI and VII
centuries, the region experienced the economical growth in the routine of the
Great Silk Road. The taxation system was organized in a very smart way, i.e.,
one-fourth of the harvest was taxed  whatever the dekhkans grow
(Rakhmatullaev et al., 2003). This system was successful because the
dekhkans decided what to grow. Usually the agricultural production was
market driven. Alternatively, whatever agricultural goods were expensive and
needed in the local markets (bazaar), the favor was given to those crops in a
given year. Therefore, the state’s policy was dependent on market concepts.

For the maintenance and rehabilitation works of the existing irrigation
canals and construction of new hydraulic infrastructure the hashar was
practiced in the region (Figure 7). Hashar is the action that pulls community to



Sustainable Irrigated Agricultural Production of Countries ... 17

accomplish maintenance, rehabilitation and construction works on a voluntary
basis in Uzbekistan. This form of actions still widely practiced in Uzbekistan.
The hashar accomplished two things. First, it acts as a mobilization
mechanism for labour input and material resources within community. Second
it was a mean of maintenance of the infrastructures (O’Hara, 2000;
Rakhmatullaev et al., 2003).

Figure 7. Hashar work for cleaning irrigation canal in ancient Khorezm (Irrigation of
Uzbekistan, 1979).

For example, for the construction or rehabilitation of irrigation canals,
mirabs or aryk bashi called for hashar works. Each village had to mobilize
their labor force for hashar. Villages at the upstream of the irrigation canal
who would expect to receive more and cleaner water were expected to
contribute more in terms of time and resources. Hashar was obligatory to all
water users to take part in this annual maintenance works. Individuals who
refused to participate were fined or denied access to water. Thus, “hashar was
a system that linked benefits to duty” (O’Hara, 2000).
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Prior to be part of the former Soviet Union, Uzbekistan came under
Tsarist control after the invasion of Russia. With the new administration,
irrigation reforms were attempted to be introduced. However, these reforms
failed because of many appointed irrigation officials were unaccustomed to the
traditional methods of management and the authorities declared that irrigation
would be run “by custom” (Thurman, 1999).

4.2. Soviet Period

There have been two main types of farming systems in the former Soviet
Union kholkhoz ° (cooperative farm) and sovkhoz (state farm). The principal
difference between these two forms of ownership was that a sovkhoz was a
state enterprise whose workers were employed at fixed wages. By contrast, a
kolkhoz paid its workers from its own annual earnings (Yalchin and Mollinga,
2007). According to Talipov (1992) by 1940 the collectivization of the former
private farms (around 800,000 farms) into collective farming systems
(kolkhoz) was accomplished through the establishment of 7629 kolkhoz.
However, by the end 1990°s the proportion of sovkhoz has been increased due
to the fact that sovkhoz was considered as a more socialist production entity in
contrast to the cooperative ownership of kolkhoz. As a result, by the end of
1990’s only 9.5% and 63% of the total agricultural lands were managed by
kolkhoz and sovkhoz respectively.

The kolkhoz type was mainly specialized in the production of cotton,
fruits and vegetables, tobacco and other (lemon and fishery). On the other
hand, the sovkhoz was specialized in the production of husbandry, poultry,
vineyards, rice, wheat, cotton and others. In 1991, the total number of kolkhoz
was 941 with a total irrigated area of 1.5 million ha whereas the total number
of sovkhoz was 1017 with a total irrigated area of 2.1 million ha (Talipov,
1992).

In order to increase the agricultural production, the soviets implemented
various progressive measures such as mechanization, agronomic practices,
development of irrigation infrastructure. As all kolkhoz and sovkhoz were
specialized in the production of certain agricultural product, a central
management body compromising with trained irrigation engineers,

2 Kolkhoz (Russian). A large collective farm comprises several agricultural experts and farm
laborers responsible for agricultural production and delivery targeted outputs for cotton and
wheat to the government. A typical area under management of kolkhoz ranges in size from
10,000 to 20,000 ha (Noble et al., 2005).
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agronomists, veterinarians and other professionals was put into place.
Irrigation water distribution was carried out by professionals and much of
subsidies were granted for collective farms. However, the processing and
manufacture aspects of agricultural produce were neglected in favor of inter-
republic trade in the soviet times (Yalchin and Mollinga, 2007).

4.3. Post-Independence Period

Since the independence of Uzbekistan the situation has changed
dramatically in terms of institutional, political and technical systems
(Veldwisch, 2007). Political transition from a planned economy to market has
introduced “new” concepts like land tenure, water rights and different kinds of
ownership (Morgounov and Zuidema, 2001; Yakubov and Ul Hassan, 2007).

In 1990, the former collective farms were transformed to collective family
farming units called shirkat. The shirkat is a collective farm which pays a
fixed monthly salary and supplementary dividends from its annual profits for
its workers (Yalchin and Mollinga, 2007). The organizational management of
the shirkat was similar to the former kolkhoz system with significant
difference in contract arrangements for crop production. The shirkat has a
single management unit comprising of a head, professionals (engineer,
agronomist, accountant and etc). The shirkat contracts several brigades
(working units) for agricultural production on annual basis for meeting state
quota for cotton and wheat yields. In addition, every year the workers would
sign a contract with the shirkat management for leasing a plot with his/her
state quota for cotton and wheat.

As the shirkat farming system has shown its inefficiency, private farm
system (fermer and dekhkan) has been advocated. The main difference
between the two types of farming systems is that fermer farms have contract
with the central government to meet the targeted cotton and wheat production
whereas dekhkan farms do not have such contracts for meeting the targeted
cotton and wheat crop production and only produce for meeting their own
needs. This is true for only cotton and wheat productions (Yakubov and
Mathrithilake, 2009).

Fermer is a private farm, successor of kolkhoz and responsible for the
targeted production of cotton and wheat to the government. The fermer can
lease the plot in size ranging from a minimum of 10 ha to several hundred ha,
with an average size of approximately 20 ha (as of 2000). These fermer farms
have flexibility in the hiring of labor and access to other subsidized inputs
from government (such as fertilizers, lease of machinery and access to bank
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credits). According to the Ministry of Agriculture and Water Resources of the
Republic of Uzbekistan (2009) as of 2009 there are about 220,000 fermer
farms in Uzbekistan.

Dekhkan farmers have an average plot size of 0.12 ha and do not have the
right to hire workers: only family members can work on the plots, which are
given to the dekhkan farmers on a lifelong lease and can be passed on as
inheritance to their children. There are more than 3.5 million dekhkans in
Uzbekistan (UNDP, 2007). Those who are not employed by the new farms
(fermer) are officially classified as dekhkan farmers, and work on the small
plots allocated to them in the process of land distribution.

All agricultural land is still technically owned by the state and is not
tradable or transferable. Leases of private farms (fermer and dekhkan) are in
principle valid for a minimum of 10 and a maximum of 50 years. Fermer
farms have often been subject to arbitrary decisions on the part of local
authorities. For example, their land plots can be taken away and reallocated if
they do not comply with local authorities’ decisions about its use or have
shown poor performance over targeted production of cotton and wheat.

The further reforms have been initiated in agricultural production system
such as enlargement of fermer farm units in 2008 in Uzbekistan (MAWR of
Uzbekistan, 2009). The main objective of recent reforms is to consolidate
smaller poor performing fermer farms into efficient large fermer farms. Before
this reform there were about 220 000 fermer farms in Uzbekistan with an
average agricultural land of 27 ha per fermer farm whereas after the
consolidation process the average size of fermer farm becomes 57 ha totaling
of 104 000 fermer farms (MAWR Uzbekistan, 2009).

5. CURRENT CHALLENGES AND PERSPECTIVES

The major current challenge facing irrigated agriculture in Central Asia
and specifically in Uzbekistan is weak water management institutions, i.e.,
water users associations at the on-farm level. It is known that water
management is a political process and important part of overall development
policy of a given country (Abdullaev et al., 2009). Many international donor
assistance programs have been launched and implemented for institutional
interventions in water management in the region. However, interrelated
aspects such as financial, technical and governance issues have been
bottlenecked for proper progress of such interventions. Prior to discussion of
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WUA challenges first the farmers current challenges will be discussed in
regard to irrigated agriculture.

5.1. Challenges for Farmers

Land Tenure

As previously stated the agricultural lands are not privatized and
technically owned by government in Uzbekistan. The farmers are interested in
investing their resources for the amelioration of lands and improving the
irrigation infrastructures in order to increase the agricultural production and
their incomes. However, there is no guarantee that their lands can not be taken
out and re-allocated to different farmers on arbitrary decisions of the local
authorities. As a result, farmers fear to lose their invested capitals. In
Uzbekistan, under the following conditions the farmer land can be taken away
and re-allocated: 1) not meeting the targeted cotton and wheat state quota; 2)
bankruptcy of farmers; 3) non transparent administrative procedures.

In addition, the farmers fear to invest their own financial resources
because the re-allocation can only be carried out by state authorities and
farmers cannot sell their land leases to other farmers in order to partially
compensate already invested funds. In contracts between the state and farmers
there is no clear identification of mutual rights for co-financing of irrigation
infrastructures rehabilitation works. In addition, there are no incentives
(reduction of state quota for cotton and wheat, tax returns) for farmers in cases
of investing resources for rehabilitation of irrigation infrastructures.

Cropping Structure

The state quota for cotton and wheat is based on the bonitet scoring
system in Uzbekistan as previously discussed. The main bottlenecked aspect is
that the bonitet score was carried out in late 2000s and is now outdated. Most
probably the current scores are higher because in most instances the
ameliorative soil conditions have deteriorated to date and farmers cannot meet
their targeted state quota which in turn is putting them into the high risk of
losing their lands. For example, in a given land plot, previously prescribed
bonitet score is used for the estimation of cotton and wheat yields. Local
authorities are reluctant to the reduction of area sown under cotton and wheat,
although farmer can meet the targeted yield on a smaller area with new
fertilizer application or other innovative techniques. The local authorities fear
that the decrease of cotton and wheat sown areas can be viewed from higher
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management hierarchy as non compliance to the common rules. In fact, there
is a perception that by reducing the overall area prescribed for sowing cotton
and wheat would result a lower crop harvest.

Consulting/Extension Service

After the fundamental transformation processes in Uzbekistan, the farmers
are left without strong extension/consulting services either private or quasi-
governmental. Many farmers are willing to pay for consultancies on new
irrigation methods and technologies, cost-effective amelioration techniques,
water conservation, legal aspects and marketing. However, there is no
legislation for government or private extension and consultancies services in
Uzbekistan. Thus the farmers are striving to overcome their current problems
with old fashioned common known irrigation and agronomic techniques.

5.2. Challenges for Water Users Associations

A WUA is a self-managing group of farmers working together to operate
and maintain their irrigation and drainage network (only inter-farm or on-farm
level) to ensure fair and equitable water distribution and increase crop yields
(Kazbekov et al., 2009). The WUA was established to replace the shirkat for
on-farm irrigation infrastructure (canal and small water diversion facilities
with gates) operation, maintenance and water distribution. According to the
official statistics the total number of WUA is 1711 in Uzbekistan (MAWR of
Uzbekistan, 2009). WUAs already serve around 3.6 million ha of land and
111,000 km of irrigation canals in Uzbekistan.

Most of these WUAs were established in the 2003—2006 period and now
play an important role in the allocation and distribution of irrigation water, the
collection of irrigation service fees and the maintenance of the irrigation
infrastructure (Abdullaev et al., 2008). However due to the poor technical and
financial capacities of farmer members of these institutions (WUA) and WUA
itself is very limited institution for proper operation and maintenance of
irrigation infrastructures.

Territorial vs. Hydrographic

The current WUA is established on the former kolkhoz territory, i.e., most
of the WUA are organized on administrative territorial principle not the
hydrographic. A farmer signs an annual contract for the irrigation water
delivery with WUA in form of its annual membership fee. The geographic
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location of farmer’s field parcel can force him/her to sign several contracts
with different WUAs either because of administrative boundaries or several
irrigation canals pass through that farmer’s land plot. There are also positive
aspects of such geographic location such as a guaranteed water supply but
overall the farmer overpays his dues in comparison with the rest within the
concerned area. The most complication arises for farmers located at the tail-
end of the irrigation system, especially in dry years.

Financial Incapacity

Thus the WUA barely can support its limited personnel with monthly
salaries from collecting membership fees from individual farmers. In addition,
the most professional and trained specialists once worked at collective farms
have left for other areas of employment such as business and trade. The
current WUA does not have in terms of quantity and quality experts for
consulting local farmers on irrigation regimes, cropping structure, appropriate
water and agronomic practices and business planning.

WUA’s budgetary resources are based on the individual farmers’
membership fees. At the moment, each farmer signs an annual contract on
irrigation water delivery with the WUA. However, the farmers cannot pay on a
timely manner their respective membership fees to WUA because many of
them can receive their earned money for cotton and wheat (state quota ordered
crops) only from the previous harvest year. The state quota system on cotton
and wheat has been designed in such a way that farmers on its obligation for
meeting targeted harvest should produce and sell at government fixed prices.
On the other hand, the government subsidizes the inputs (fertilizers, water) for
farmers. The farmers can use the rest of low-cost fertilizers for producing
other cash crops, fodder for husbandry practice and partially compensate their
income earnings. The state quota system is put under critics by many scholars
and experts for being an inefficient system for agricultural production.

Under Uzbekistan present conditions, the main detrimental factor of this
system is not the monetary value of the purchased price of cotton and wheat by
government but rather the complicated control of fiscal and financial system,
i.e. substantial delays of getting money from banks. In addition, the farmers
cannot use their earned funds for barter arrangements.

Increase Number of Farmers

With the de-collectivization of former soviet collective farms and the
emergence of new private forms of farming systems there has been a rapid
increase of the number of farms specialized in different cropping structures
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along a single irrigation canal. Thus each cropping system requires different
irrigation application regimes. Many farmers favor to use only simple flooding
irrigation methods instead of costly drip irrigation and other alternatives. Thus,
WUA can hardly cope with the large number of farmers.

Technical Aspects

The most difficult aspect is the technical deterioration of existing
irrigation infrastructures and improper allocation of funds for operation and
maintenance works. There are widely non-existing or heavily deteriorated
water measuring structures in place and thus it is extremely inconvenient for
monitoring the right amounts of water. In fact, only nominal water measuring
mechanisms are widely carried out for payments option of irrigation delivery
service fees.

5.3. Perspectives

Farmers

The most practical and viable recommendations for individual farmers
should be the regulation of legal arrangements defining the concrete and
transparent mechanisms for the re-allocation procedure of land tenure rights
from local government authorities. The most important is that the farmer
should have a right to sell his/her land lease for another potential farmer in
order to compensate his/her invested assets. Then farmers would be on the safe
side and motivated to invest their own technical and financial resources for
amelioration of lands and for rehabilitation and maintenance of irrigation
infrastructures.

The second paramount aspect is the concrete definition of responsibilities
and rights of farmers and government for the amelioration of lands and
rehabilitation of irrigation infrastructures in land lease contracts signed
between the farmer and the government. In most cases, there is no clear
definition of such rights or whole responsibility shifted to farmers. As a result,
farmers are at high legal risks under court rulings. The clear and concrete
definition of such responsibilities and rights would stimulate farmers to
improve the amelioration conditions of their lands and actively participate with
technical and material contributions for rehabilitation of irrigation
infrastructures.

The third aspect is the incentive mechanisms for farmers’ contributions in
such activities. For example, the decrease of state quota for cotton and wheat
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either in quantity or options for farmers to sow the two crops on less parcels
while meeting the state quota.

The fourth aspect is that the current bonitet scores should be carried out
for all lands and updated accordingly by the responsible government
authorities. In addition, each farmer can hire licensed private consulting
company for independent bonitet scoring. There is a dilemma as the bonitet
score can only be carried out by specialized state organization, thus such
licensing should be shifted to private sector and necessary amendments into
the regulations should be envisaged. Proper and updated bonitet score would
be beneficial both for farmers and government in order to meet state quota on
cotton and wheat.

The fifth aspect is provision of farmers with a more flexible system for
cultivating different cash crop varieties on their plots. If the government would
allow the decreasing of the size of lands sown under cotton and wheat while
meeting the state quotas, the remaining lands could be used effectively for
cultivation of cash crops. As a result, the income generation would be
promising and farmers could contribute for amelioration works and
rehabilitation of irrigation infrastructures. There was a promising sign from the
government of Uzbekistan in 2008, who has issued the degree that the total
size of area sown under cotton should be reduced by 75 000 ha and these lands
can be used for cultivation of different crops (Shadibaev, 2009).

Water Users Associations

The first aspect is the development of mechanisms for financial
sustainability of WUA. The only source of income for WUA is the annual
membership fees from its farmer members. Instead for diversifying the income
sources in kind contributions should be introduced as in Kyrgyzstan and
Tajikistan (Sehring, 2009). In kinds contributions can be either natural produce
or manpower for cleaning irrigation infrastructures. For example, the farmer
who installs on his/her own expense the water measuring device can have
some privileges, i.e. first irrigation water delivery.

The next aspect is consultancy/extension service for farmers. As
Muhamedjanov et al (2008) proposes that consultancy/extension services
should be established under the umbrella of the of Basin Irrigation Systems
Authority (BISA) which were established for replacing previous provincial
water management organizations in Uzbekistan. The main disadvantage of
such consultancy/extension service is emergence of another inefficient and
bureaucratic machine. Instead the consultancy/extension should be in solely
form of private companies at the WUA level. The reasons are that WUA is
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directly working with individual farmers and such private companies with
WUA partnership will have substantial impacts as cost-effectiveness and
targeted consultancy service provision. Another important aspect as early
mentioned is that there is no legal framework for such consultancies. For
extension service the prominent academic universities and research institutions
with  WUA and private consultancy companies can have synergetic
partnerships for training and know-how technology transfer.

CONCLUSION

The Central Asian countries have faced new challenges for practicing a
sustainable irrigated agriculture, particularly in terms of institutional
challenges. The physical deterioration of irrigation and drainage
infrastructures is a technical issue that would impose constraints on
agricultural production, environmental concerns and, as a result, on the
livelihoods of many millions of farmers. In fact poor conditions of irrigation
infrastructures impact the efficient irrigation water distribution at various
levels of the irrigation conveyance system. Global climate change and the
transboundary nature of water resources would be major supplemental aspects
for the sustainability of irrigated agriculture production in Central Asia.

The national and international donor programs would play a pivotal role
for reversing the current situation if the intervention measures would be
targeted to institutional changes such as land tenure, water rights, and
incentives for rehabilitation of irrigation and drainage networks.
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Abstract: The political transformation of the Central Asian region has induced the
implosion of the interconnected physical hydraulic infrastructure and its institutional
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1. Introduction

After the disintegration of the former Soviet Union, transboundary water management and
governance have become a hot topic in Central Asia over the last two decades [1-3]. In fact, the United
Nations Development Program (UNDP) [4] report that the Central Asian region loses $1.7 billion
per year, i.e., three percent of the region’s GDP (Gross Domestic Product), from the poor water
management that lowers the agricultural yields. Moreover, some 22 million people depend, directly or
indirectly, on irrigated agriculture in these countries [5]. The sustainability of irrigated agriculture is
one of the main platforms for food security, employment, livelihoods, and environmental protection in
Central Asia.

The Central Asia countries (Tajikistan, Kyrgyzstan, Kazakhstan, Turkmenistan, and Uzbekistan)
have inherited an interconnected and sophisticated hydraulic infrastructure system from the Soviet era.
As described by Libert et al. [6] and Rakhmatullaev et al. [7], from an engineering perspective, the
hydraulic mission of the Soviet administration was set up to be based upon the construction of large
dams and water reservoirs in the mountainous areas of upstream countries (Tajikistan and Kyrgyzstan).
This was due to the areas’ attractiveness of natural conditions and higher water accumulation per unit
area in comparison to the conditions of the plains (lowland) within the downstream countries
(Uzbekistan, Kazakhstan, and Turkmenistan). On the other hand, the lowlands were suitable for
practicing irrigated agriculture and for growing water intensive agricultural crops (cotton, rice,
and wheat).

The recent pivotal area of discussions is hydropower versus irrigation for the operation of reservoirs
and dams in Central Asia, e.g., the Toktogul reservoir in Kyrgyzstan (Syr Darya River Basin) and the
construction of the Rogun hydropower station in Tajikistan (Amu Darya River Basin).

In fact, in the region, various paramount technical, operational, and biophysical aspects that are not
transboundary issues impact the sustainable operation and management of dams and their associated
water reservoirs. Examples of these aspects include sedimentation, improper operation, overuse of
hydraulic infrastructures against designed operational regimes, and the lack of national legal and
institutional frameworks for dam safety. Moreover, there is no warning system for alerting
downstream countries in the event of technical accidents or natural disasters. These acute issues have
to be seriously addressed at the national and regional levels.

Some experts argue that within the region, global warming will have a severe impact on the
formation of water resources in the mountain systems of the Tian Shan and Pamir-Alay because of the
decrease in ice cover [8]. In fact, these mountain systems are major contributors to the watersheds of
the region. Research reports that since the beginning of the 20th century, a general warming trend in
Central Asia, on the order of 1-2 <C, has been observed, which might have a potential impact on the
regional temperature, evaporation, and precipitation regimes [9]. According to the estimates made by
the Uzbekistan Hydro Meteorological Committee, the pessimistic scenarios of water resource
transformations describe a reduction of the river discharges by 15-20% and 20-30% for the Syr Darya
River and the Amu Darya River, respectively [10]. Water resources will be more stringent, and
transboundary management of these hydraulic infrastructures has to be conducted in harmonious
cooperation to meet the current concerns of all involved parties.
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The World Commission on Dams (WCD) [11] outlines that large hydraulic infrastructures, such as
dams and their associated water reservoirs, have played an important role in the regional development
of many parts of the world. In the Central Asian region, where natural precipitation is erratic or
seasonal, with uneven spatial and temporal water resource distribution, and arid climatic conditions,
man-made water reservoirs play a particularly paramount role [12]. In fact, reservoirs store water
during wet periods to make it available during dry periods, and in so doing, regulate floods, generate
hydropower, and enable irrigation [13]. Thus, it is important to discuss the technical, management
aspects of dams and the dams’ associated water reservoirs.

The primary objective of this paper is to review the situation on dams and water reservoirs in terms
of the technical, legal, and institutional aspects of the new geopolitical realities within the region.
Special attention will be paid to the Uzbekistan experience and on improving the country’s large
hydraulic infrastructure safety framework. Perspectives and recommendations are given for improving
hydraulic infrastructure operation and management in Uzbekistan, and for examining, on a Central
Asian level, the regional dialogue for cooperation.

2. Water Reservoirs in Central Asia

In the Central Asian region, the first water reservoirs were constructed as early as the tenth
through 11th centuries [14,15]. For the regulation of the region’s rivers, hundreds of man-made water
reservoirs were constructed to mitigate the natural shortage of water resources. Additionally, these
reservoirs generated hydropower, irrigation, and water supplies for municipalities and industry, and
provided water for recreational purposes (Figure 1).

Figure 1. Schematic location of the main water reservoirs and their volume capacities in
Central Asia (excluding reservoirs in the central and northern region of Kazakhstan),
adopted and modified from [15].
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The era of massive water reservoir construction was documented in the late 1900s. From 1950
to 1980, more than 60 large reservoirs were constructed in the region (Figure 2). The gross reservoir
volume has increased by 50-fold, from 0.17 to 49.3 km®, as a part of the unprecedented increase of
water storage capacities around the globe. Most of the dams and water reservoirs in the region have
been constructed for irrigation purposes, with a few for hydropower generation. As a result, over a
period of 90 years (1913-2003), the areas under irrigation have increased three-fold in Central Asia,
e.g., from 4.51 million ha in 1960 to 6.92 million ha in 1980, and to 7.85 million ha in 2000 [16,17].
The peak of dam construction is dated to the Soviet period, when the USSR’s policy was aimed at
expanding irrigated lands for the mass production of cotton [18].

Figure 2. The number of reservoirs constructed and the cumulative volume capacity in
Central Asia during the last century [18].
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At the moment, there are more than 290 water reservoirs in Central Asia, with a total volume
capacity of over 163 km®. They regulate more than 50% of the monthly regional river flow, and the
area occupied by the reservoirs constitutes roughly 6% of the irrigated areas of Central Asian countries
(Table 1) [19]. For example, on average, about 30% of irrigation water is delivered from reservoirs in
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the region. The percentages range up to 54% in Turkmenistan and down to as low as 13%
in Kyrgyzstan.

Table 1. Distribution of water reservoirs by total volume and numbers in Central Asian
countries. CA = Central Asia.

Total reservoir Number of Irrigation water from
Country . 3 . .
volume capacity (km®)  reservoirs reservoirs (%)
Kazakhstan * 88.8 180 * 32
Kyrgyzstan 23.5 18 13
Tajikistan 29 19 28
Turkmenistan 2.89 18 54
Uzbekistan 19 55 24
Total in CA 163.19 290 Average 30

* The number of reservoirs represents the whole of Kazakhstan.

There are 45 large-scale hydropower stations, with a gross capacity of 36.7 GWh/year, on large
water reservoirs in the Central Asian region [20]. However, only 11% of the hydropower is generated
in Uzbekistan, whereas more than 90% is produced in Tajikistan [21]. Kyrgyzstan and Tajikistan have
about 78% of the total hydropower potential of the region, but utilize only 10% of that potential.

Reservoirs in Uzbekistan
The total number of man-made water reservoirs in Uzbekistan is 55 (Table 2) [22].

Table 2. Distribution of water reservoirs in Uzbekistan by administrative boundaries.

Province Number Useful Volume Province  Number Useful Volume
Capacity (km®) Capacity (km®)
Amu Darya River Basin Syr Darya River Basin
Khorezm 1 4.5 Andijan 3 1.7
Kashkadarya 14 2.3 Tashkent 5 1.9
Samarkand 7 1.1 Fergana 4 0.25
Surkhandarya 4 0.9 Namangan 7 0.23
Navoi 2 0.8 Jizzak 4 0.18
Bukhara 2 0.4 Syrdarya 2 0.01
Total 30 10.1 25 4.45

In Uzbekistan, the total gross volume capacity of all reservoirs is about 19 km®, and the useful
volume capacity is about 14.5 km?®, whereas the total surface area of reservoirs is estimated at
ca., 1,450 km?. The total reservoir volume capacity is defined as the maximum amount of water stored,
whereas the useful volume capacity is the actual available water storage. The arithmetical difference
between the two values is defined as the dead storage of a reservoir. In other words, the dead volume
storage in a reservoir is determined as the storage volume between the stream bed and the lowest
elevation from which water can be withdrawn by gravity [23]. The difference observed between the
total capacity and the useful capacity is an indicator of the efficiency of dam and water management.
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The 4.5 km? difference represents a loss of 26% that is due to topographic peculiarities, i.e., most of
the water reservoirs are constructed in the lowlands of Uzbekistan.

Nine major reservoirs constitute about 86% (16.8 km?) of the total reservoir volume capacity, and
about 94% (1362 km?) of the total surface area (Table 3) [24]. Almost 90% of all dams are used for
irrigation purposes, whereas two are used for hydropower (Andijan and Charvak). About 75% of dams
were constructed in the 30-year period from 1961 to 1990, with 93% of the total reservoir capacity
coming from a time known as the “Soviet Period”. At the moment, three water reservoirs, for
increasing the water storage capacities, are being constructed in the Namangan, Jizzak, and Samarkand
provinces of Uzbekistan.

All dams and their associated water reservoirs are aging, and numerous biophysical, technical, and
management issues need to be addressed in order to attain a sustainable management of water
resources and hydraulic infrastructures. For hydraulic structures which have a transboundary
importance, these issues should be addressed, in particular, at the national level.

3. Threats to Water Reservoirs in Uzbekistan

Almost all the hydraulic infrastructures in Uzbekistan, but particularly dams and their associated
water reservoirs, are aging (constructed during the 1930-1940 period) [25]. Thus, there is some
urgency to perform operations that would improve the safety of such structures in order to avoid
devastating emergency situations in the event of technical operational failures or natural phenomena,
such as earthquakes. For example, the civil engineering of the dams, in terms of life cycle and survey,
and also water practices and legal aspects, are linked to the management of the dams and resources, at
different steps and scales. This management is a key point of discussion at the national level, and is
very often problematic at an international one (i.e., case of the transboundary rivers).

3.1. Reservoir Sedimentation

A reduced reservoir volume capacity, due to sedimentation, triggers operational and maintenance
issues. These issues are exacerbated by uncertainty over the economic feasibility of corrective
measures and by environmental and social concerns [26]. Sedimentation is a natural geomorphologic
process, but human interference increases its rates. Sedimentation reduces the main reservoir asset, i.e.,
its volume capacity, over time because of the feeding rivers. It is reported that globally, sedimentation
has been observed to cause an annual average of 0.5-1% loss with respect to the volume capacities of
small and large reservoirs [11,23]. Palmieri et al. [27] reports that the loss in volume capacity requires
an annual replacement cost of 13 billion US dollars.

The most recent reports indicate that the average annual reservoir volume loss is estimated at 0.5%
in Uzbekistan (Table 3) [24]. The total volume capacities of major reservoirs have decreased by
about 20% and the nation’s dams’ dead storage capacities have decreased by 55%. For example, the
dead volume capacities of seven reservoirs decreased by more than 75%. This is an alarming signal
that in the future, the sedimentation rates can be unprecedented, with several operational and
maintenance problems.

Due to the naturally high turbidity of the watercourses, reservoir sedimentation is an acute issue in
Central Asia. In fact, most of the reservoirs have been silted to a great extent. Sedimentation impacts
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the guaranteed water supply for the different water users (irrigation, industry, and hydropower) at the
national and regional levels.

For example, the direct loss of reservoir volume capacity leads to lower hydropower production
capacity available for sale, less irrigated land for food production, and a reduced flood routing capacity.
Moreover, the deterioration of water quality in reservoirs can be a major issue, with increasing levels
of various contaminants from agriculture, industry, and natural sources, whether organic (pesticides,
PCBs, PAHS) or inorganic (trace metals) [12,26]. Dam cavitation and abrasion of conduits, valves,
sluice gates, and hydropower turbines dramatically impact hydraulic facilities and structures. Moreover,
social aspects can result. For example, the region may be rendered less attractive for tourism, and recreational
opportunities can be lost.

Table 3. Loss of reservoir volume (total and dead) of selected major reservoirs in Uzbekistan.

Total Volume  Silted volume Started to operate

Reservoir River Basin

(Mm®) (%) (Year)
Talimarjan Amu Darya 1,525 3.9 1985
Janubiy Surkhan 800 37 1967
Surkhan Darya
Kuyimazar Amu Darya 310 11.2 1958
Tudakul Amu Darya 1,200 13.7 1983
Andijan Kara Darya 1,900 134 1970
Kattakurgan Zerafshan 900 225 1953
Chimkurgan Kashka Darya 500 22.7 1963
Ruslovoy * Amu Darya 2,340 44.9 1980
Kaparas * Amu Darya 960 1.9 1983
Average 19

* Tuyamuin is composed of four reservoirs: (1) Ruslovoy—2.34 km®; (2) Sultansanjar—2.69 km?;
(3) Kaparas—0.96 km®; (4) Koshbulak—1.81 km®.

Common engineering practice advocates for a “design for life” approach for dam and reservoir
conception. The design for life approach assumes a finite project life, which means that future
generations should bear all occurring costs and profits [11,23,26].

Palmieri et al. [27] proposed a new “life cycle management” approach for the sustainable
management and use of hydraulic infrastructures (Figure 3). The ultimate goal of this approach is
sustainable use, where the major functions of the dam are preserved, through good management and
maintenance. It means that these hydraulic infrastructures should be considered as economic assets and
that through proper mitigation measures, there should be long-term benefits generated for the
local populations.

The design life approach follows a linear time-line and assumes that the project will have served its
purpose at the end of its design life. In contrast, the concept of life cycle management encourages a
cyclic time-line and sustainable use. The main element in this approach is decommissioning. In the
design life approach, the financial costs for decommissioning are not foreseen, whereas in the life
cycle management, such costs are taken into consideration through a retirement fund, i.e.,
contributions from benefits and other sources.
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Figure 3. The main elements of the “design life” versus “life cycle” management
approaches (modified from [27]).
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3.2. Water Reservoirs Operation Guidelines

It is known that all large scale hydraulic infrastructures, in particular dams and water reservoirs, are
designed and constructed according to a design operation regime, which safeguards the durability of
the operations. However, the real situation is quite different in Uzbekistan. The weighted decision for
the operation of water reservoirs lies in the hand of local government authorities (hokimiyats, i.e.,
governors), who are responsible for the agricultural production of cotton and wheat [28]. The water
management organizations are left with only a technical assistance role for water supply matters. In
most cases, the design operation regime is violated. These violations create severe circumstances for
the hydraulic infrastructures. Infrastructure fatigue puts additional pressure for the proper management
of scare water resources.

3.3. Institutional and Legal Frameworks of Water Reservoirs

The hydraulic infrastructures, in particular dams and their associated water reservoirs, are managed,
rehabilitated, and operated by the Ministry of Agriculture and Water Resources of Uzbekistan [29].
The hydropower plants are managed and operated by the State Joint Stock Company, UzbekEnergo.
For example, about 11.5% of the power generation is produced through 29 hydropower plants and two
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large dams (Charvak and Andijan). There is an overlap of responsibilities of these two state agencies
on the management of dams and their associated water reservoirs.

In Uzbekistan, a national law for the safety of hydraulic structures was adopted in 1999.
Gosvodkhoznadzor, under the Cabinet of Ministries of the Republic of Uzbekistan, is a state
inspection agency that controls and monitors the technical conditions and safety operations of
large-scale hydraulic infrastructures [30]. There are almost 273 large hydraulic infrastructures
(55 water reservoirs, 35 pumping stations, 29 hydropower plants, 60 irrigation main canals, 64
water-intake schemes, 24 main collectors, and 7 riverbank protection structures). Gosvodkhoznadzor
inspects the safety of large hydraulic infrastructures and sanctions the Ministry of Agriculture and
Water Resources of Uzbekistan for proper actions and mitigation measures. Unfortunately, in most
cases, the recommendations of Gosvodkhoznadzor are only conceived of as suggestions by
the Ministry.

4. Transboundary Issues of Water Reservoirs for Uzbekistan

Uneven spatial and temporal water resources, and a Soviet inherited unified hydraulic infrastructure,
have raised transboundary reservoir management issues over water resource allocation among the
countries of the region (i.e., Kyrgyzstan, Tajikistan, Kazakhstan, Uzbekistan and Turkmenistan). The
rivers, such as Syr Darya and Amu Darya, are already regulated by more than 78% and 94%
respectively, and attempts for new reservoir projects upstream raise increased concerns for the
downstream countries (e.g., the Rogun hydropower station in Tajikistan and the Toktogul reservoir
in Kyrgyzstan) (Figure 4).

Figure 4. The major transboundary rivers in Central Asia, modified from [10].
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Competition for water resources is prioritized by the downstream countries (Uzbekistan,
Turkmenistan, and Kazakhstan) for irrigation, whereas upstream countries (Tajikistan and Kyrgyzstan)
use them mainly for hydropower generation [5,14]. There has been a serious conflict related to the
water resource management of some hydraulic infrastructures, like the Toktogul reservoir located in
Kyrgyzstan in the recent post-Soviet period.

This water storage infrastructure serves the needs of the entire Syr Darya River basin. Its main
purpose is to regulate and secure the Syr Darya River flow during the growing season
(April-September) for irrigation. It was designed to release 8.5 km® of water during the growing
season and about 2.8 km?® during the non-growing season (October—March).

The Toktogul dam’s surplus hydropower generation in the summer is transmitted into the former
Central Asian Power System Grid for use by the downstream countries of Kazakhstan and Uzbekistan.
For compensation, Kazakhstan supplied fossil fuels, and Uzbekistan provided electricity, to
Kyrgyzstan for electricity needs in winter months.

However, the situation has significantly changed due to the end of the former Soviet Union.
During 1990 to 2000, summer releases declined to 45% and winter releases increased to 55% of the
annual discharges [25].

5. Regional Institutional and Legal Frameworks

One important bottleneck, for the sustainable and cooperative management and operation of dams
and their associated water reservoirs, lies in the absence of national legal frameworks and appropriate
institutions in all the Central Asian countries, except Uzbekistan [9]. After the dissolution of the
former Soviet Union, large hydraulic infrastructures have been left without proper attention from the
Central Asian countries. For example, in Kazakhstan, hydropower plants are managed by semi-private
entities, whereas reservoirs are still operated by the government water management authorities.
Therefore, there is always a dispute for the coordinated operation and maintenance of hydropower
plant and dam.

International assistance programs have tried to support regional dialogue on the cooperative use and
operation of transboundary hydraulic infrastructures, but little success was achieved, due to the
cost-sharing of operation and the maintenance price of such transboundary structures. UNECE
(United Nations Economic Commission for Europe) is actively participating in the development of a
regional agreement on cooperation on dam safety, and in particular, in the information exchange and
notification of other countries (in case of accidents with dams) [8].

6. Perspectives and Recommendations

The following key perspectives and recommendations are discussed for the sustainable management
of the water reservoirs and dams in the region and Uzbekistan.

6.1. Mini Hydropower Schemes

In the light of hot negotiations among and between riparian states over the water-energy nexus,
small hydropower schemes should be advocated in all Central Asian countries as compromises.
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The small hydropower schemes are attractive in terms of financial, technical, management, and
environmental feasibility aspects. These mini hydropower schemes would not significantly alter, for
different water uses upstream and downstream, the hydrological regimes of the main transboundary
watercourses. Furthermore these schemes are financially attractive for the international donor
communities, and are less environmentally impact-oriented for upstream and downstream riparian
ecosystems. Almost all the attractive potential sites for large dam and water reservoirs are used in the
region. Another argument for the small hydropower schemes is the issue of seismological conditions at
upstream sites. In the event of tectonics, the small hydropower schemes have less devastating effects
for local communities, ecosystems, and for states (in terms of financial burdens).

6.2. Institutional and Legal Framework

For a regional cooperation on dams and water reservoirs management in Central Asia, the authors
recommend the creation of a regional chapter of the International Commission on Large Dams
(ICOLD), which can play a role as a neutral key regional institution on dam safety issues. Under the
umbrella of the Central Asia ICOLD, national working groups can cooperate and discuss various
topicalities regarding the development of mutually beneficial procedures, regulation norms, and
standards on the monitoring of hydro infrastructure safety. The mandates of such an organization could
be the harmonization of the cooperation of Central Asian states on dam safety, monitoring procedures,
information exchange, and the development of a comprehensive database. This can be a first step to
the creation of a regional platform for the discussion of current issues on planning, design, operation,
maintenance, and management of large hydraulic structures.

In order to synchronize cooperation on the management of dams and their associated water
reservoirs, each country should develop its own laws on safety of hydraulic infrastructures. Only
Uzbekistan has adopted such a law in 1999. Only after each country has its own law can a regional
legal framework be developed through consultations.

6.3. Mitigation Measures

For a regional cooperation on dams and water reservoirs safety, proper technical and management
activities should take place at the national level in order to sustainably operate and manage these
sophisticated infrastructures. It is time to review and assess the present technical conditions of all large
infrastructures for each country.

The best practices (mitigation measures) can then be shared and duplicated among other regional
countries. For example, in Uzbekistan, a new GIS (Geographic Information System), in combination
with depth measurement systems, are being used for the operative estimation of reservoir
sedimentation volumes [17].

As the infrastructure fatigue will be reached in this century, appropriate planning programs should
be designed and implemented, such as a retirement fund for dam and water reservoirs [31]. The
retirement fund is intended to accumulate annual contributions made during the life of the dam to pay
for any actions required at its retirement, for example, a change of purpose (e.g., recreation, farming,
environment creation) from its present irrigation or hydropower generation, and in extreme cases, the
partial or complete removal of the dam. However, the partial or full decommissioning of dams would
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not be economically feasible in the region, due to the high financial costs, and the lack of existence of
real local expertise. A practical approach that can still be attractive to local authorities is to change the
dam’s or reservoir’s purpose.

7. Conclusions

Large hydraulic infrastructures have played an important role for the Central Asian region’s
development and have brought many benefits, regionally and nationally, through irrigation,
hydropower generation, and water supply for industry and recreation. However, these hydraulic
structures are facing numerous problematic issues, such as infrastructure fatigue, biophysical issues,
and problems with operation and maintenance on national levels, due to the decrease of substantial
financial assistance programs.

As the infrastructure fatigue is unavoidable, the new life cycle management approach should be
recommended to all national authorities for the sustainable operation of such engineering infrastructures
and for the use of scare water resources.

With new geopolitical realms in the region after the collapse of the former Soviet Union and the
emergence of new independent states, regional and transboundary issues have arisen for the
cooperative management of water resources and the cost sharing of operation and maintenance. In the
domain of large hydraulic infrastructure safety issues, transparent legal and institutional frameworks
should be developed and adopted, reflecting a transnational good spirit of cooperation.

A regional platform should be developed, such as a branch of the ICOLD, which will serve as a
professional union for the harmonized management and the joint operation of dams and water
reservoirs on transboundary watercourses.
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