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Abstract. The article presents the results of studies of spatial and temporal changes in the ecological and
land reclamation status of drainless areas based on the use of high and medium spatial resolution satellite
data. The authors assessed the geomorphological, hydrogeological, soil and land reclamation conditions of
the steppe zone of Ukraine and noted that heterogeneous natural conditions such as relief, geomorphology,
groundwater; soils and rocks of the active water exchange zone contributed to the development of processes
of harmful effects of water and the nature of their manifestation. A large drainless area, the Petrivskyi
depression in the area of the Kakhovka irrigation system, was chosen as the object of study. The processes
of land degradation on the territory of the sub were identified by detecting various manifestations of spectral
and textural changes in soil and vegetation surfaces under the influence of water and wind erosion, and an
unbalanced land use system based on satellite images of various earth surface scanning systems. Changes
were identified and studied by vegetation, soil, and water spectral indices, which made it possible to observe
the flooding of the territory. Observations were carried out in different years and cover a period of more than
40 years: 1985-2015 — the most active flooding of the territory was observed; 2002, 2003 and 2005 — large-
scale winter-spring flooding; 2018-2024 — the absence of a drainage system that is in decline was recorded;
2023, 2024 — the impact of hostilities on the territory of the pad. Based on the results of studies of the spatial
differentiation of soil emissions and their temporal dynamics, the authors have developed a complex indicator
that is a function of three components — the spectral indices NDVI, NDWI and CM. Verification of the studies of
the period 1991-2017 of the averaged values of the spectral indices showed that the closest correlation exists
between NDWI and NDVI and is 0,92. The experimental avea was analyzed for soil fertility in contrast to the
depleted soils of the pudu. It was determined that with the change in humus concentration, the color of the
topsoil changes, which in turn causes changes in the spectral characteristics of the satellite image.

Through long-term observations, the spatial and temporal changes in the ecological and reclamation
state of the drainless area and the probability of loss of the functional resource of the reclamation system
as a whole were studied.

Keywords: drainless territories, drainage system, ecological and reclamation state, satellite data,
spectral indices, spatial and temporal changes

Relevance of the research. The restoration of
irrigation and drainage, which is a key tool for
the development of the agricultural sector of the
economy, is emphasized in the current document
“Strategy of Irrigation and Drainage in Ukraine
for the period up to 2030 [1]. Therefore, first
of all, the issue of overcoming the consequences
of the war over time and restoring the operation
of damaged irrigation and drainage systems that

have not lost their resource is acute. To do this, it
is necessary to study the operation of the systems
in previous years to identify and take into account
design flaws, assess their condition, and provide
recommendations for future reconstruction and
operation.

Without irrigation and drainage in the
risky farming zone of the Steppe zone of
Ukraine, obtaining stable yields and sustainable
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development of the agro-industrial complex is
virtually impossible [1]. At the same time, out
of 924 vertical drainage wells and 119 horizontal
drainage pumping stations in the Kherson region,
only about 1-15 % were productively operating
by 2019. Therefore, this issue should be studied.
It is advisable to research and study the operation
of irrigation and drainage systems over a long
time period using modern technologies in
combination with ground observations.

Analysis of previous research and
publications. Worldwide experience shows
that it is advisable to detect and evaluate the
operation of drainage systems using remote
sensing [2—4]. In this case, research should be
aimed at a comprehensive analysis of applied
processes in the spatial localization, classification
or assessment of the actual state of subsurface
drainage systems using remote sensing methods.

To monitor the state of the drainage system,
groundwater levels are wusually monitored
at pumping stations and hydrogeological
observation wells. However, this method helps to
observe the state of the system only pointwise or
linearly. Therefore, studies on the state of drainage
systems should be based on both the analysis of
ground-based hydrogeological observations of
groundwater levels and their comparison with
satellite images [5-9].

Landsat archival satellite images are widely
used worldwide to analyze time series of terrain
and analyze spatial changes in vegetation around
drainage areas [4, 5]. The state of vegetation, as
an indicator of biological productivity, is assessed
by the normalized difference vegetation index
(NDVI) during the peak of the growing season.
This approach to assessing the situation based
on the use of NDVI [10] is performed during the
growing season.

For timely inspection of drainage systems,
the modified normalized water index (MNDWI)
is used, which is a valuable indicator for
monitoring waterlogged lands [11]. The index is
calculated using Landsat satellite data (Landsat
L8 Oli TIRS, Landsat ETM+, Landsat TM).
Remote sensing and GIS technologies are used to
determine the location and delineation of existing
drainage systems [12]. Drainage is localized
using color infrared satellite images. Because the
soil directly above the drainage surface dries out
faster than the surrounding soil, the reflectivity
of the drier soil often shows up in the infrared
spectrum.

Prolonged irrigation on the massifs led to
regional and localized increases in groundwater
levels. The regional rise on the background of
irrigation occurred with an annual rise rate of about

0,8 m/year. Localized manifestations of flooding
are observed at the bottom of the depression, in
the riverbed areas and in the area of sprinklers.
The effectiveness of drainage in difficult natural
and water management conditions on the main
irrigation systems and in a number of settlements
in the south of Ukraine is covered in [13—-16].

The aim of the work is to study the spatial
and temporal changes in the ecological and
reclamation state of a drainless area based on
long-term satellite data observations and to
establish the probability of loss of the functional
resource of the drainage system as a whole.

Research methods and materials. In
conducting research with satellite data, we
used the passive method of remote sensing,
analytical analysis of scientific papers, spectral
and geospatial analysis, system analysis, ground
surveys and experimental studies according to
generally accepted and certified methods.

To resist the harmful effects of water in the
Kherson region, drainage systems of various
types were built on the Kakhovska irrigation
system on an area of 45 thousand hectares. The
irrigated area is characterized by diverse and
complex geomorphological, hydrogeological,
and soil-reclamation conditions [8].

Regarding the characteristics of the study
area, it should be noted that heterogeneity of
natural conditions is a characteristic feature
of the Kherson region, and such components
of the environment as relief, geomorphology,
groundwater, soils and rocks of the active water
exchange zone contribute to the development
of processes of harmful effects of water and
determine the nature of their manifestation.

According to the climate zoning, the territory
belongs to the steppe Atlantic-continental climate
region of the temperate climate zone. The
climate is temperate continental, with insufficient
moisture, short winters and long hot summers.
The climate is formed under the influence of
solar radiation and atmospheric circulation, as
well as local factors of influence: the proximity of
the sea and Lake Syvash. In spring and summer,
the effect of solar radiation is manifested in the
warming of the earth’s surface and the surface
layer of the atmosphere.

The study area belongs to the denudation-
accumulative forest plain of high riverine and
complex terraces with relief forms: drainless
areas, saucers, and beams. Drainless territories
are shallow (up to 3-5, rarely 10—15 m) enclosed
mostly round or oval flat-bottomed areas with an
area of hundreds and thousands of square meters.
Slightly convex flat pits are clearly defined in the
relief. Their diameter is from 0.2 to 3—4 km.
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The territory is represented by meadow-dark
chestnut gley saline-saline soils and meadow
chestnut gley saline-saline soils. The depth of
the groundwater table within the drainless area
depends on the relief and varies from 0,5 m to
15,0 m.

Among the existing drainage-free areas,
the vertical drainage system located within the
Petrivskyi depression, which belongs to large
asymmetric drainage-free areas with active wind
and water erosion, is scientifically noteworthy.
Soil erosion is one of the main indicators in a
comprehensive assessment of the ecological state
of territories. This phenomenon has been studied
in the spatial and temporal dimensions using
modern methods involving satellite data.

The drainage provides flood protection for
the adjacent irrigated area. The catchment area
of the pond is more than 30,000 hectares, and
the vertical drainage area is 3,190 hectares.
The lowest elevation of the bottom of the basin
is 12,5 m, and the highest 25,0-30,0 m. On the
slopes are agricultural fields that were previously

Barciasaany

(1]

irrigated with modern sprinklers. In the northern
part of the pond, the main Kakhovskyi Canal
passes through, which affects the groundwater
regime.

The location map of the study object was
created on the basis of the terrain map available
on the Topographic Map of Ukraine website [17],
Maxar satellite image (Google Earth Pro) dated
07/14/2021, and the drainage system location
scheme (Fig. 1).

Two settlements are located in the central part
of the pud — Petrivka and Pavlivka. The area of
Pavlivka village is more than 500 hectares, and
Petrivka village is 1000 hectares. Their territory
has absolute ground surface elevations of mostly
12-20 meters. In the village of Petrivka, a
vertical drainage system was built on an area of
190 hectares. The drainage wells are located in
the lowest parts of the settlement. The constructed
drainage includes 7 wells (Table 1).

It should be noted that vertical drainages
protect the territory from flooding on an area of
300, 600, 2100 and 600 hectares.

Fig. 1. The collector-drainage system of the Petrivskyi depression
in the area of the Kakhovska irrigation system:

a — terrain map (“Topographic Map of Ukraine” [17]); b — Maxar satellite image (Google Earth Pro
geospatial analysis service) dated 14.07.2021; ¢ — drainage system layout; d — integrated image of the
terrain, satellite image and drainage system layout
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)
1. Hydrogeological parameters of the aquifer in the areas of vertical drainage within the Petrivskyi
depression
Drai Number Water Filtration coeffi- | Filtration coeffi- Mineralization
rainage .. . . Water .
of wells, | permeability, | cient of the upper | cient of the separa- of drainage
area, ha 5 ) return
pcs. m?/day layer, m/day tion layer, m/day water, g/l
300 3 240 0,14 0,0030 0,002 1,1-5,2
2100 9 — — — 1,1-5,2
600 6 300 0,14 0,0004 0,002 2,0-3,0
190 7 — — — — —
600 5 — — — — —
Total
3790 | 30 - - B B -

On an area of 300 hectares, two wells protect
the village of Petrivka and one protects the
village of Pavlivka. Drainage on an area of 600
hectares has a positive impact on flood protection
in Pavlivka village. The main part of the drainage
is built in the central lowest part of the pond. The
drainage area here is 2100 and 600 hectares. The
drainage system includes 14 vertical drainage
wells, an open drainage channel, a drainage
pumping station and a pressure pipeline for
drainage from the pit.

The drainage covers the highest areas of the
pit. The total drainage area is 3790 hectares.
There are 30 vertical wells in the drainage area.
The distance between the wells is generally 1-3
km. The depth of the wells is 34 meters. Some
wells are 20 meters deep.

The Petrivskyi depression is characterized
by a significant saturation of the territory with
irrigation systems. Thus, the territory of the sub
is intensively used in terms of land reclamation.

Research results and their discussion.

31.12.2004 p.

Observations were made in different years and
generally cover a period of more than 40 years.
Thus, during 1985-2015, the most active flooding
of the territory was observed, as evidenced by
Landsat 2—7 satellite images (Fig. 2).

Regarding the period of large-scale flooding
and inundation of the Kherson region in 2005,
it is advisable to provide a NOAA, IR (infrared)
image as of March 1 (Fig. 3).

The climate change observed in recent
decades has caused a sharp increase in average
annual air temperatures in Ukraine, especially in
its steppe regions [19]. According to observations
at the Askania Nova weather station, the current
climatic norm for air temperature (1991-2020)
is 10,79 °C, which is 0,93 °C higher than the
previous climatic norm (1961-1990). A parti-
cularly intense increase in air temperature has
been observed since 2000. While the average
annual temperature averaged 9,79 °C between
1910 and 2000, in the following period its value
increased to 11,2 °C, i.e. by 1,41 °C.

31:12.1995 p.

31.12.2015 p.

Fig. 2. The territory of the floodplain during the period of active flooding according to the images
(Google Earth Pro geospatial analysis service)
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Surface flooding
of ponds

Fig. 3. Territories of the Kherson region affected by flooding and inundation as of March 1, 2005 [18].

The increase in air temperature led to a sharp
increase in potential total evaporation, which,
according to research [20], increases by 9 %
with an increase in temperature by 1 °C. At the
same time, an analysis of long-term precipitation
observations at the Askania Nova weather
station shows that since 1945, their amount has
remained almost constant (Fig. 4). The average
amount of precipitation over the past 77 years
(until 2021) was 401 mm, the previous climatic
precipitation rate (1961-1990) was 399 mm, and
for the period from 1991 to 2020 it increased

to 409 mm. Such an increase in precipitation
is not typical for the entire Kherson region, in
particular, in Kherson, the climatic precipitation
rate decreased by 9 mm.

The highest amount of precipitation is
observed in May-July (an average of 44 mm
per month), and the lowest in December-March
(an average of 28 mm per month). The largest
increase in precipitation over the past 30 years
compared to the previous climatic norm was
recorded in June — by 6.4 mm per month, and the
largest decrease — in December, by 7 mm (Fig. 5).
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Fig. 4. Long-term precipitation dynamics at Askania Nova weather station
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Fig. 5. Intra-annual distribution of precipitation at Askania Nova weather station
for different observation periods
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The analysis of climatic factors shows that the
increase in flooding levels in the floodplain during
1985-2015 is not related to climate change, but
is caused by anthropogenic factors, in particular,
the deterioration of the drainage system.

Water and wind erosion of the soil in the bed
was assessed by a complex indicator containing
various spectral indices.

During this period, we used spectral indices
calculated on the basis of Landsat satellite images
as a comprehensive indicator of the state of the
bedrock under water and wind erosion.

The periods with more favorable weather
conditions were studied separately. For this
purpose, the territory of the Petrivskyi depression
was surveyed using satellite data in 1991, 2000,
2007, and 2017. The spectral indices CM (clay
content in soils), NDVI (vegetation index), and
NDWI (moisture index) were calculated based
on Landsat images. The experimental area was
analyzed for the condition of the soils of the
irrigated massif in contrast to the depleted soils
of the pond. For this purpose, the sub-floor
depression was identified and thematic maps
were constructed to record differences in the
composition of fertile (irrigated crops) and
infertile soils (smoothing of the relief, loosening
of soils in the lowlands).

Based on the results of the study of the spatial
differentiation of soil emissions and their temporal
dynamics, a complex indicator was developed,
which is a function of three components: I comp.
= f (NDVI, NDWI, CM).

The degradation processes were identified by
detecting various manifestations of spectral and
textural changes in the soil and vegetation surface,
which are affected by water and wind erosion,
unbalanced land use, etc. It was found that
heterogeneous natural conditions such as relief,
geomorphology, groundwater, soils and rocks
of the active water exchange zone contributed
to the development of processes of harmful
effects of water and determined the nature of
their manifestation. The NDVI vegetation index

calculated from satellite images made it possible
to identify the types of soil degradation that cause
a decrease in the concentration of humus in the
upper biologically active soil layer.

Maps of the territory’s NDVIimages for 1991,
2000, and 2007 are shown in Figure 6.

Based on the images from January 13 to
June 24, 2003 (NOAA) and decadal SPOT VGT
satellite data, a joint graph of the dynamics of
changes in the flooded area of the Petrivskyi
depression and the vegetation index averaged
over the low area was constructed. The period
of the greatest flooding occurred on March
16-18, 2003. The territory of the floodplain
was surveyed using retrospective satellite data
from 1991, 2000, 2006, and 2007, and the most
unfavorable climate impact on hydrothermal
and agricultural conditions was revealed. Based
on the data obtained, the spectral soil indices
10 and SM, as well as additional indices, were
calculated: NDWI — moisture content for certain
subsoil depressions. The dynamics of changes
in the average values of the indices is shown in
Figure 7.

The study proved that as the humus
concentration changes, the color of the topsoil
changes, which in turn causes changes in the
spectral characteristics of the satellite image. If
soil erosion is calculated individually for each
pixel, the NDVI and surface slope gradient can
be used to calculate the degree of soil erosion
per year. Vegetation indices of redness RI and
brightness BI and their correlation with ground
data and spectral indicators of soil erosion can
be used to classify erosion degradation — to
determine the extent of planar erosion.

Another indicator of land degradation is the
reflectivity of the earth’s surface (albedo). If the
albedo increases by 6-14 %, the area with this
type of soil is classified as unstable, by 15-20 %
as a zone with mild degradation, by 21-50 %
as moderate degradation, by 51-75 % as severe
degradation, and by 76-100% as extreme
degradation.
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Fig. 6. Maps of NDVI spectral index of the Petrovskyi depression according to research conducted
in 1991-2007
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In further studies conducted in 2017, Landsat
8 image for the month of August was used to
identify the study area and calculate the NDVI,
10, CM indices (Fig. 8). Separately, we calculated
the humidification by NDWI. The experimental
area was analyzed for soil fertility of the irrigated
area in contrast to the depleted soils of the
subsoil. For this purpose, the subsoil depression
was isolated by an isoline (black outline).

The thematic maps show the differences in
the composition of fertile (irrigated crops) and
infertile soils (smoothing of the relief, loosening
of soils in the lowlands).
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After completing the studies of the period
1991-2007 and 2017, the results of the averaged
values of the spectral indices were verified, which
showed that the closest correlation R?>=10,92 exists
between NDWI and NDVI, which is indisputable.
A new stage of research was launched in 2018
with the involvement of CNES/Airbus and Maxar
Technologies imagery. The involved high-resolution
images of the study area are shown in Fig. 9.

The images show a fuzzy blurred image of the
bedding even in the summer and autumn, which
indicates that the drainage system is not working
and is in poor condition.

ﬂ(‘ 24 ): " "-*r"-"f : it
Fig. 8. Maps of the spectral indices of the Petrivskyi depression NDVI, SM, 10 for the period
of research in 2017
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The latest studies of reclaimed land in
drainless areas were conducted in 2023-2024 to
determine the impact of hostilities on the territory
of the depression. For this purpose, Sentinel-2
L2A imagery for 20.06.2023 and 01.01.2024 was
used. No changes were detected (Fig. 10).

The combination of healthy vegetation
channels SWIR1, Red8, Blue of the Sentinel
satellite made it possible to assess the current
state of the Petrivskyi depression. The soil
structure does not appear to be eroded during the
wettest winter period.

Conclusions and further research. It is
advisable to identify soil degradation processes
by identifying various manifestations of spectral
and textural changes in the soil-plant surface,
which are affected by water and wind erosion,
unbalanced land use, etc.

It has been established that heterogeneous
natural conditions such as relief, geomorphology,
groundwater, soils and rocks of the active water

N
i\ 2 =

Fig. 9. High-resolution images of the study area by Maxar Technologies and CNES/Airbus
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exchange zone contributed to the development
of processes of harmful effects of water and
determined the nature of their manifestation.

It is determined that with the change in humus
concentration, the color of the topsoil changes,
which in turn causes changes in the spectral
characteristics of the satellite image.

The study area was analyzed for soil fertility in
contrast to the depleted soils of the piedmont. For
this purpose, the subsoil depression was isolated
(black outline). The thematic maps showed the
difference in the composition of fertile (irrigated
crops) and infertile soils (smoothing of the relief,
loosening of soils in the lowlands).

Further research should be directed at
studying the transformation of the soil cover and
the manifestation of unfavorable soil degradation
processes observed in this area. This is especially
true for changes in the conditions of economic
activity of agricultural enterprises located within
the Petrivskyi depression.

Fig. 10. Thematic maps showing the impact of hostilities on the study area:
a—NDVI, 06/20/2023, Sentinel-2 L2A; b — SWIR1_ Red8 Blue, 01/01/2024 Sentinel-2 L2A
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Anomayia. Y cmammi euxnadeno pezyrbmamu 00CHIONCEHb NPOCMOPOBO-UACOBUX 3MIH eKON020-Meli-
OpamueHo2co cmamy 6escmiunux mepumopitl, AKi IPYHMYIOmMbCs HA UKOPUCIAHNI CYRYIMHUKOBUX OAHUX
BUCOKO20 MA CePeOHbO20 NPOCMOPOBO20 PO3PI3HEHHA. AGMOpuU OYiHUIU 2e0MOPhON02IuHI, 2i0poceonoiuni
ma [pyHmo8o-meniopamusHUMU YMO8U CmMenogoi 30nu Ykpainu ma 3a3Haqunu, wo He0OHOPIOHI NPUpOOHi
YMOBU MAKI K Penbed, 2e0MOPhHON02is, Nio3eMui 600U, IPYHMU MA HOPOOU 30HU AKMUBHO20 600000MIHY,
CRPUAIU PO3BUMKY NPOYeCi WKIONueoi dii 600 ma xapakmepy ix nposasy. 3a 06 ’ekm docniddicenHs 06parHo
senuxy bescmiuny mepumopiro — Ilempiscokuii noo 6 paiioni Kaxoscvkoi spoutysanvroi cucmemu. Ilpoyecu
Odezpadayii 3emens Ha mepumopii nody i0eHmMuUpiKo8AHO WAAXOM BUAGTEHHS PISHOMAHIMHUX NPOSIGIE CheK-
MPAIbHO-MEKCMYPHUX 3MIH [PYHMOB0-POCIUHHUX NOBEPXOHb Ni0 Ji€l0 600HOI ma 6imposoi eposii, He30a-
JIAHCOBAHOI cuCmeMu 3eMAeKOPUCMYBAHHA HA OCHOGI CYNYMHUKOBUX 3HIMKIG DIZHUX CUCMEM CKAH)G8AHHS.
3eMHOI NOBEPXHI. 3MIHU BUBHAYATU | BUBUATUCS 34 BeeMAayiHUMY, IPYHIMOGUMU | GOOHUMU CHEKMPAlb-
HUMU THOEeKcamu, wo 003601Ul0 chocmepizamu 3a niomonienuam mepumopii. Cnocmepedsicens enucs
6 PI3HI pOKU i 8 YLIOMY OXONIMb nepiod y nonao 40 poxis: 1985-2015 pp. — cnocmepicanucs Havax-
mueniwi niomonnenuss mepumopii; 2002, 2003 i 2005 pp. — macumabHi 3UM0B0-8eCHANI 3AMONTEHH S,
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20182024 pp. — 3aghikcosana eiocymmuicmv pobomu OpeHadcHoi cucmemu, sKa 3HAXO0UMvCs Yy 3aHe-
naoi, 2023, 2024 pp. — eniug éedenns 60tosux Oiil Ha mepumopiio nody. 3a pesyribmamamiut 00CAi0NCEHb
npocmoposoi’ oupepenyiayii IpyHmMoux 8UINI8, A MAKONC IX UACOBOI OUHAMIKU A8MOpaMU PO3POOIEHO
KOMIJIEKCHUL NOKA3HUK, AKULL € (DYHKYIEID MPbOX CKAA008UX — cnekmpaivHux inoexcie NDVI, NDWI
ma CM. Bepugbikayia docniosxcens nepiody 1991-2017 pp. ycepeOneHux sHauyeHb CHEKMPAaIbHUX iHOeKcie
noxazana, wo HaubiIbw michuil Kopenayiunutl 36’130k icuye mioie NDWI ma NDVI i cmanosums 0,92.
Jocniony mepumopiio 6y10 npoananizosano woo0o poooHocmi IPYHMIE Ha KOHmpacmi 3i 30i0HeHUMU IPYH-
mamu nody. Busnaueno, wo i3 3MiHoI0 KOHYeHmMpayii 2ymycy 3MIHIOEMbCA 3a0APBIEHHS 6EPXHbO2O UWADY
IPYHMY, WO 8 CEO0I0 Uepey GUKAUKAE 3MIHU 6 CHEKMPATbHUX XAPAKMePUCMUKAX CYRYMHUKOB020 3HIMKA.
lnaxom bazamopiunux cnocmepesicenb GUEUEHO NPOCMOPOBO-UACO8I 3MIHU EKON020-MeNiopamueHo20
cmany be3cmiunoi mepumopii ma UMOGIpHICMb empamu  QYHKYIOHATILHO20 pecypcy MeniopamueHoi
cucmemu 8 Yiiomy.

Knrouosi cnosa: 6escmiuni mepumopii, 0cyury8anbHa cucmema, eKoio20-meriopamueHuti Cmam, CynymHu-
K081 OaHi, CHeKMPAIbHI IHOEKCU, NPOCIOPOBO-YACOBI 3MIHU
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