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complex hydrographic ~ water, and environmental security. Notably,
scheme. addressing this issue is critical for ensuring the
country's water security, which is integral to
national security amidst the rising water needs of the
population and economic sectors, especially in the
face of recent climate change and human impacts on

water resources.

INTRODUCTION. A key strategy to enhance the effectiveness of water resource
management in the irrigation system's. watershed ‘management is utilizing advanced
computer technology, including databases and software-modules, to address water resource
management issues.

The irrigated lands of the Republic of Karakalpakstan today amount to about 500
thousand hectares, of which 420 thousand hectares are arable land, 9.2 thousand hectares are
perennial plantings, 36.8 thousand hectares jare hayfields and pastures, 34 thousand hectares
are private plots.

Figure 1 depicts a simplified map of the Lower Amudarya Watershed Department of
Irrigation Systems, showing the complete “rrigation network of the Republic of
Karakalpakstan and the Khorezm region, ‘with thesboundaries of the Department of
Irrigation Systems marked. In the Republic of Karakalpakstan, there are six Irrigation
Systems Departments and the Aral Delta Department.

Irrigation System Management “Paxtaarna—Nayman”; Irrigation System Management
“Mangit-Nazarxan”; Irrigation  System=~Management ‘“Suenli”;Irrigation System
Management “Kuvanishdjarma”; Irrigation. System - Management “Kattagar-Bozatau”;
Irrigation System Management “Qizilketken-Kegeyli™.

Aral delta management :

To supply irrigation water to the agricultural.sectors, the republic has 908.5 km of main
canals, 2651.5 km of inter-farm canals, and 19,162 km of on-farm canals, along with 262
hydraulic engineering and water intake structures and 716 hydrometric devices. Out of the
total irrigated area, 364 thousand hectares, or 73%, have drainage systems. The collector-
drainage network extends 19,649.9 km, comprising 1179.8 km of main, 2219.9 km of inter-
farm, and 16249.0 km of on-farm canals, with the on-farm collector-drainage networks
covering a specific length of 32.8 hectares.

Currently, developing planning algorithms for water resource management in irrigation
systems under changing climate conditions is a crucial task for the republic. Decision-
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making in water resource management for watershed irrigation systems requires the storage,
processing, and dissemination of vast amounts of diverse data. To address the challenge of
managing large-scale data, a comprehensive system is necessary.

1. METHODS AND RESULTS
Any complex hydrographic scheme of a water management facility can be divided into
several simple structures, which represent a tree graph. The tree graph structure is
segmented into hierarchies. Two parameters are used to determine the hierarchy within the
graph[1]:
Q, ={[i K Avie 1) (1)

where j — the number of hierarchy; KF~ number of groups in this hierarchy.

Groups are a collection of areas connected to: their.origins. There may be one or more
sections in a group (Fig. 1).
Each group is defined by the following-numbers
Q, :{I:jie' N kijG:I’ kijG S NijG’ vjiG = IiG' Vie I}! (2)

where j,; — group number in hierarchy; hijG'— number of the section connected to this
group with its end; k;, — number of groups in a given hierarchy; N,; — many numbers
included in this group of river sections; I, = set of group numbers included in this

hierarchy.
Each section of the graph is defined as follows [2]:

Q ={[m, Ky s Koo, JEVK K

mv? “mP?

VK.eK ., VM eM }, (3)

mv J mP?
where m — plot number; k., , k., andwm, =.accordingly, the number of water intakes,
tributaries and sections at the end; K., ,K . and'm, — set of numbers of water intakes,

tributaries and numbers of sites located at the ‘end, respectively. Each channel segment has
its unique morphological and hydraulic characteristics, which, for instance, can be described
for trapezoidal prismatic sections as follows[3]

Qx ={m, by, m,, i, o, L, 7n ] YmeM], (4)
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where m — plot number, b,,— bottom width, m_ — slope coefficient, n, — roughness
coefficient, i, — site bottom slope, |, — section length, 7, — efficiency factor of the channel

section.
In the case of a non-prismatic section of the channel, the characteristics are specified as
follows

Qy ={[m Ny Vies Qu 1] Viel,, vmeM/, (5)
where m — plot number, h — depth, V.. — width at the top of the area in vertical section
i, Q, —water flow corresponding to this regime, _i.e. flow characteristics of canal sections.

Therefore, the structure of the main canal jis defined by the sets (1) — (5), which
completely describe its topology and hydraulic characteristics.

Q, =0, U0, (6)

Using the linear diagram of the main.canal, hierarchies and groups are identified, and all

sections, branches, and tributaries of the.canal are numbered. After this, sets Q,, Q;, Q,,

are compiled in the form of a table with the corresponding fields, these tables are filled in in
accordance with the accepted numbering- of ‘sections, branches, tributaries, groups and
hierarchies. This depiction of the main canal structure is highly useful for creating a
database and addressing water resource management-issues of the main canal.

Let us examine the recording of balance relationships in the canal sections within the
database, assuming the presence of steady-state regimes in the canal sections.

Water flow at the beginning of the channel section is determined as follows [7]

Qr]n( ¥ ZV Qij <3 _ZPQPmJ'
Q:f _ jed¥ jedl 7 ¥YmeM ’ (7)
T,

where Q" , QX — water flow at the beginning and end, Qi+ Qpj — Water flow of water

intakes and tributaries, n,, — efficiency factor m'— the th section of the canal.

In the groups of j inthe i — th hierarchy of the trunk channel structure, the balance
ratios are written as [4]
Q:ZG = z Ql:;1 vnije €lg, (8)
kijc €Njje
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where Qf . — Water flow at the end of the section n;; — th section connected to this group
ij

at its end, Q,f;_'e - water flow at the end of the section k — th section of the group channel

jiG '
For end sections in groups, water flow rates at the end of these sections are specified.
Q, =Q,, Vm.eM,, (9)

my my

where Qr[:k — water flow rates at the end of terminal sections in groups m, — th section
connected to this group at its end, ka —~.specified water flow in the end sections of the

main canal, M, € M — set of numbers of the final sections of the main channel.

By using expressions (7) — (9) with known water flow rates at the outlets of water
intakes, tributaries, and the ends of the final sections of the main canal, starting from the last
hierarchy of the canal structure, it is possible to calculate the required water flow rates at the
beginning of all sections of the main.canal. The.resulting water flow rates ensure the
specified flow rates at water intakes and the final sections of canals, considering the known
water flow rates at tributaries and given efficieney values[18].

In the task of determining water needs during annual planning of water distribution for
the growing season, crop irrigation regimes are used i, in which for each hydromodular
region k in every watering j irrigation norms are given W, , irrigation timing, i.e. started

tiu» €nd t,, and duration of watering Ti= "ty - t,. [8]. lrrigation rate W,, for the

N;
growing season is determined as the sum of-irrigation norms, i.e. W,,=>"W, .. Table 1,
j=1

shows the irrigation regimes for the main:creps depending on the hydromodular zoning. To
plan water resources, ten-day hydro and irrigation modules are calculated for each crop. The
ten-day hydromodule represents the necessary specific water flow (l/s/ha) supplied evenly
over a ten-day period during the growing season. The ten-day irrigation module indicates
the specific area (ha/irrigation) that needs to be irrigated during a given ten-day period of
the growing season.
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Table 1 — In the Republic of Karakalpakstan, the main cultivated areas are cotton,
grain, rice and water

Years
Names and

2 2 2 2 2 2 2 2 2 2 2

indications 0T €rops | 00 | 001 | 002 | 003 | 004 | 005 | 006 | 007 | 008 | 009 | 010

thousand. 9 7 7 9 021 1 1 1 9 9
o | hectares | 55 | 61 40| 14 | 7| 040 066|126 |32 47
otton (C:r?trr‘]’:;t 1] 1| N e 1| 2| 1| 1
31 | 47 | 14102 95006 | 91|02 |22/ 86
hectares) &
thousand. 2 1 1 6 . =6 6 6 5 5
y | fectares | 88 | 56 | 7.81 08 | 84 /09 | 39 | 52 |98 30
heat (C:r?trr‘]’s;t o | 1P 220l 3| 3| 2| 2
12 | 87|41 25164166 | 36 | 41 | 15| 23
hectares) !
thousand. 7, 0 1 5 2 1 2 2 1 8
Ri hectares 7 9 |88 9,1-, 23119 | 27 | 31 (59| 0,2
ce (C:r?trr‘]’:;t 1] el 2| 2| 2| 1| 2
74 | 75175 93197115 | 44| 52 |85/ 13
hectares) : ‘
G
et ol a4 2| el V8T8 8| 8| 8| 7| 8
million.m
wate 828 | 714 | 280 \526.| 156 | 504 | 965 | 678 | 250 | 119
; \a
- 1] 2 ™% 1] 1] 1 1
esg mn'ql3"°”' 544, | 96, 87§ 003/ 47g 421 | 342 | 254 38: 253
1| 2 9 8 | 5 | 3 4

The procedure (algorithm) for calculating the ten-day hydro and irrigation module based
on crop irrigation schedules for the growing season, essential for integration into the water
resources management database, is as follows:
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1. Irrigation schedules for agricultural crops are chosen according to the hydromodular
zone of the region in question.

2. For a specified hydromodular area of the region, the irrigation schedule for the chosen
crop is evaluated from the first ten-day interval of the growing season. The start and end
dates of each ten-day interval are compared with the initial irrigation date of the crops. The
following scenarios may arise [5]:

a. the starting date for watering crops is outside the ten-day limit, in this case, for
a given ten-day period, ten-day hydro — g, and-irrigation modules s, , equal to zero

I.e. .
Qikinp = 0, (10)
SikjnD T 0, _ (11)
where g, — ten-day hydromodule (l/s/ha), s;;,5 — irrigation module (ha/irrigation),

i —agricultural crop, k - hydromodular area, | —.irrigation number, n — number of the

current decade.
b. if the initial date for watering crops-falls-between the start and end dates of the
ten-day interval, then the ten-day hydromodule g, and irrigation s, , modules for

this interval are determined by the following relationships:
)4 WikjnD (Tikj _'tiij _1)

PS ‘ , 12
qlkjr‘ID 86, 4Tikj ( )
(Ti j _ti' _1)
Sikjio' — e e leH y (13)
ikj
where t,, — start date of decade, n = current decade number,
C. if the start and end dates of a ten-day period fall within the start and end dates

of crop irrigation, then the hydromodule' /g, and irrigation s,,, modules for this
period are determined as follows:

WikjnD
L= , 14
quJnD 86,4Tikj ( )
Tn
Sijinp = TD ' (15)

ikj
where T, — number of days in a given decade.
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d. if the final date of crop irrigation falls between the start and end dates of the
ten-day period, then the ten-day hydromodule for this period is determined as follows:

WikjnD (tiij - tnK )

I , 16
qlkjnD 86,4Tikj ( )
(ti' _tn )
Sijinp = —JKHT £, (17)
ikj

where t,, — start date of decade, n — number of the current decade.

3. The ten-day hydromodule for agricultural plants is determined by summing the
irrigation ten-day hydromodules[6] '

N
Qi = zqikjnD . (18)
PN,
N
Siknp = ZsikjnD : (19)
n=1

In (10) — (19) ten-day hydraulic modules;g;,-has-a'dimension (I/s/ha), ten-day irrigation

modules s,

g — Lo (day).

The ten-day hydro and irrigation modules for agricultural plant, calculated according to
algorithm (10) — (19), form the basis for determining the water requirements of agricultural
plants for the growing season, depending on the-sown areas of the respective plants. In Fig.
the irrigation schedules, and the calculation-results-of hydromodules and irrigation modules
for cotton in various hydromodule regions are shown [9].

Next, we consider the sequence of caleulating the needs of water resources of the main
canal consisting of me M sections, in eaeh:section of the canal there are branches jeJ,,

— (for/watering), duration of wateringT,; and date differences, for example

and every tap j irrigates areas

where jeJ,, — numbers of taps on m- area; J, — set of branch numbers on m- area;

— me M — numbers of sections of the main canal, M — multiple numbers of
sections of the main canal; i1, — types of crops sown on suspended lands j — th

branch on the canal section ¢ number m, 1_ — many types of agricultural crops

mj

suspended in the lands j — th branch on the canal section with number m;
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- keK, -types of hydromodular areas of suspended lands j — th branch on
the canal section with number m, K_, - many types

—  hydromodular areas of suspended lands j — th branch on the canal section
with number m.
Thus, o, represents the structure of the sown areas of the entire main canal, then for
each diversion, taking into account crop irrigation regimes, the need for water resources is
determined as follows[10]

Qomjn Z Z |knD mjlk k. (20)
el kEKmll 77me/
Qrijn 5 QOmjn { qDij;; ) (21)

where q,,, — ten-day hydraulic modules i — th erops'k — th hydromodular area for n —th
decade; QPO,,U»n — required flow rate for.irrigation water, .q,,..— required expenditures of
non-agricultural consumers — total required water consumption j — th branch m — th section
of the main canal for n — th decade; 7, — efficiency.of on-farm channels j —th branch m
— th section of the main canal.

Irrigated areas by consumers are determined‘ inthe farm

mJn Z Z S|knD mjik (22)

ichpykeK

where S, —irrigated areas j — th branch=m-—th'section of the main canal for n —th ten
days of the growing season; s,., — ten-day._irrigation modules i — th crops k — th
hydromodular area for n —th decade .

Similarly, using formula (20), the required. water flows at the final outlets of the main
canal are determined. f

Required expenses and irrigation areas suspended in the m —th plot on the n —th decade
of the growing season in the plots are determined as follows [11]

Qun = 2_ Quin- (23)

jedn

Z Smjn ! (24)
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where J_ . —multiple tap numbers m — th section of the main canal.

Using expressions (20) — (21), the needs of canal sections for water resources are
determined for the n —th decade of the growing season.

The sequence (algorithm) for calculating water flow rates for sections of the main canal
is as follows [12]:

1. In accordance with (9) and (20), the required water flows are calculated for the n —th
decade at the end of the final sections of the main canal

QPK—Q VmoeM,, VneN,, (25)

2. Next, starting from the last hierarchy by hlerarchy groups in the sections, the required
water flows for the n-th decade at the beglnnlng of the sections of the main canal are
calculated as follows

Qnﬁf:Q;“Qjm"_ng", VmeIiG,v e, (26)
Qi = ZJ (QBvnin + e ) = Qoven - dopmas . YME g, VneN, (27)
Je€dn
Qb = 2 Qs Vme lg, VneN,, (28)
jedp b

Q= Y, Qg ¥melgn WneN,, (29)

jedn
Qopnn = Z opriind ‘v’m €lg, | YneN, (30)

jedy
where Qi , Q. — water flow at the beginning and.end of the section, Q;,Q7,, — total
water consumption of required water intakes and forecast inflows, Qf,.., Uopm, — tOtal water
consumption of required water intakes for irrigation and other consumers, J¥ - many

numbers of water intakes on the site, J; - many numbers of tributaries in the area, 1, - set
of site numbers in the group under consideration, n,— efficiency m — th section of the canal,
N, — numbers of the ten-day period of the growing season.

3. In groups Ji in i — in the hierarchy of the main canal structure, the balance
relationships are written in the form
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Z Qk“Gna vnijG S IiG’ Vn (S NV’ (31)

|](3n
uGeNuG

where Q' —end water consumption N — th plot.

4. Next, the calculation is repeated in steps 2 — 3 for the next hierarchy in the
structure[17].

Thus, the planned operating modes of the main chanal sections are calculated to meet the
needs of all consumers, which are characterized by the following set

Q\K/IP :{I: an ! mn ! Q/mn’ QPmn’ QOan’qDPmn’ rin]' Vm € M’ vn € NV} ' (32)
Here Q'™ QP — water flow at the beginning and.end of the section, Q.., Q5. — total
water flows of water intakes and tributaries, Qbymn, Ugem, — total water consumption for

irrigation and other consumers, S! — ifrigated areas of agricultural crops suspended on the
site m for a decade n growing season.
Main required (planned) water consumption Qrﬁ; corresponding to the initial section of

the main canal over ten days of the growing season isthe required consumption for all canal
consumers. Here m,— number of the initial section of the main canal [13].

Calculating the water resource requirements.for consumers of the main canal during the
non-growing season follows the same procedure as during the growing season. The
distinction lies in utilizing leaching norms for irrigation of saline lands based on salinity
type, irrigation norms for grains and other.crops during the non-growing season, and norms
for moisture-recharging irrigation, instead of irrigation schedules for agricultural crops.

For the non-growing season, washing ¥egimes for saline areas are determined by type of
salinity i, in which in each flushing irrigation j leaching norms, grain irrigation norms and

moisture-recharging irrigation norms are established W,p, irrigation timing, i.e. started t,

ikj H

, end t,, and duration of watering T, =t/ —t, .. Leaching norm, irrigation norm for
grains during the non-growing season and norm of moisture-recharging irrigation W, , are

determined as the sum of leaching and irrigation norms, i.e. W, Z e Table A1.2,
j=1

shows the regimes for leaching saline lands during the non-growing season. To plan water
resources, ten-day leaching hydro and irrigation modules are calculated for each type of
saline land. The ten-day leaching hydromodule is the required specific water flow (l/s/ha),
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supplied evenly to flush saline lands in a given ten-day period of the non-growing season. A
ten-day irrigation module is the required specific area (ha/irrigation) irrigated in a given ten-
day period of the non-growing season. Ten-day hydro and irrigation modules for the non-
growing season are calculated using algorithm (10) — (19) using data from Table A1.2.[14]

Table 1.2 - Technical characteristics of main canals in the lower reaches of the

Amudarya River

I
Ne E Parameters of the channel cross-section, the canel
f-m» passes through the floor of the excavation, half of
Canel name | & the embankment, km
= Soils
o
= Q, w, h, m W  Not Embank
m¥c | m | m .m |ch, km| ments, km
) 2 2, 8
1 Kizketken 52 400 63| 4,5 0 |30 25,2 - loams
. 5 1,/ 5 sandy
2 Kegeyli 66 140 40| 4,0 5 |20 7,0 29.6 loam
Kuvanish- 8 1 6
) 1 4 4, ’ 12, 23, I
3 jarma 10 85 8 3 5 |08 0 3,0 0oams
4 Suenli 8 130 30| 45 L4 42,6 - slsr?? S
5,2 Pl | s ’ y
loams
5 Parallelni 3 140 35| 4.8 L4 18,7 - SI;)r?(TS
Y 174 °l 2 |75 ’ y
loams

The algorithm for calculating the planned water supply regimes for sections of the main
canal during the non-growing season, aimed at ensuring leaching irrigation of saline lands,
irrigation of grain, and water-recharging irrigation for all downstream consumers, is

characterized by the following set [15]
Q&IVP _ {I:m’ Q

HP KP P P B P
mn ! an’ Q/mn’ QPmn’ QOan’qDPmn’

SP

mn

], vmeM, VneNHV} (33)
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Here QF
QF,.,— total water flows of water intakes and tributaries, Q,,., 9"y, — total water

QP — water flow at the beginning and end of the canal section, Q°, ,

mn !

consumption for irrigation and other consumers, S° — irrigated areas of agricultural crops
suspended on the site m for a decade n outside the growing season, N,, — numbers of the

ten-day period of the growing season.

The components of set (33) are computed based on the leaching regimes of saline lands
and irrigation of crops during the non-growing season, taking into account the distribution
of saline land areas and the cultivation of grain and other crops during the non-growing
season [16].

By calculating all elements of sets (32) = (33) using the aforementioned algorithm, the
issue of determining the planned requirements for annual irrigation planning of cultivated
lands is resolved.

2. DISCUSSION

The foundation for conducting scientific research-in"this article was the State Scientific
and Technical Program (SSTP)-124, titled -"Development of scientifically grounded
methods, systems, and management forms,-as well as reliable, safe, and efficient utilization
of water management facilities and hydrauli¢ structures in the republic.” This program was
implemented under contract MB-KX-A-KX-2018-279 with the Ministry of Foreign Affairs,
focusing on "Improving the operational modes of cascades of large pumping stations, using
modern methods and new equipment, and reducing losses of water and energy resources," in
collaboration with the Ministry of Innovative Develgpment during the period of 2018-2020.

3.. CONCLUSION

The issue of water resource management.in basin irrigation systems is defined by the
need to address challenges in collecting-and processing information, as well as making
decisions about the management object across vast territories and managing its components,
which are situated at considerable distances from one another (in some cases, over tens of
kilometers). Conversely, water resources from basin irrigation systems are utilized across
diverse sectors of the national economy, including energy, agriculture, industry, fisheries,
municipal use, and more. Effective management of water resources in basin irrigation
systems requires handling and utilizing extensive and varied information. Therefore, the
development of planning algorithms for water resource management in irrigation systems in
conditions of climate change is an urgent task in the national economy of the Republic of
Uzbekistan. This article is dedicated to solving these problems.
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