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2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asus axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAD Cepusicbly 2bliviMu dcypranvinviy Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRaHuscul Jcypranovl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwviioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei meH canacwin Ycvinaovl. KP YFA Xabapnapeo.
Teonocus scone mexunuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyi 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2e0n02usi JHeaHe MexXHUKAIbIK
EbLIBLIMOAD OOULIHUWA KOHMEHMKe adanoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCEeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY NO 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue2o coobuecmsa.
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Abstract. This study examines the long-term impact of climate change on
the hydroecological state of Lake Markakol, located in Eastern Kazakhstan. A
comprehensive analysis was conducted of air temperature, atmospheric precipitation,
ice phenomena, water level, and hydrochemical characteristics. Based on long-term
hydrometeorological data (1984-2020), significant trends and patterns in water
level, temperature, salinity, and ice regime were identified. Precipitation exhibited
pronounced cyclicity with two distinct humidification cycles. The water level of
the lake demonstrated periodic fluctuations: a decline was observed between 1943
and 1979, followed by an increase beginning in 2006. The ice regime, serving as
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a sensitive indicator of climate change, was strongly influenced by variations in
temperature and precipitation. Hydrochemical analysis revealed the presence of
organic and biogenic substances, as well as elevated concentrations of ammonium
and nitrite nitrogen, indicating anthropogenic pollution. The dynamics of organic
and biogenic compounds confirmed the intensification of anthropogenic pressure
on the lake ecosystem. Despite the relative stability of the main hydrochemical
parameters, exceedances of permissible standards for certain compounds were
recorded, suggesting potential ecological risks. Results of the Mann—Kendall test
showed a statistically significant increase in air temperature (Z = 3.30) at the 99%
confidence level. The findings emphasize the importance of continuous hydrological
and hydrochemical monitoring to ensure effective water management and
sustainable ecosystem development under changing climatic conditions. The study
confirms the transformation of the hydrological regime of Lake Markakol under
the influence of modern climate change and contributes both to the advancement of
scientific knowledge and to the practice of natural resource management.

Key words: lake, climate change, hydrometeorology, atmospheric precipitation,
ice cover
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Annoramus. byn 3eprreyne ximMarteik e3repicrepin Lsirsic Kazakcranma
OopHaiackaH MapKakeJ1 KeliHe THAPOIKOIOTHSIIBIK 9Cepi KOTDKBUIIABIK MAIIIMETTEP
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HeTi3iH/Ie KapacThIPhUIABI. Aya TeMIlepaTypachl, aTMOc(epabIK jKaybIH-ITaITbIH,
MY3/BIK KYOBUIBICTAp, Cy JACHIeill MEH THAPOXUMHUSUIBIK KOPCETKILITEP TaTJaH bl
1984-2020 xpuTmap aApaNBIFBIHAAFB]  KOIDKBUIABIK —THUIPOMETEOPOIOTUSIIBIK
JIepeKTepli Talay HOTHKECIHE Cy JICHIeldi, TeMIieparypa, MUHEepau3alys *KoHe
MY3IBIK PEKUMIHIH MaHBI3IBI YPAICTEP] MEH 3aHABLIBIKTAPHI aHBIKTANABL. JKaybIH-
IIANIBIH alKBIH IUKIJIIK CHITaTKa We OOJNBIN, €Ki bUIFAINaHy MWK OaifKaiibl.
Kennin cy meHreiti ke3eHumik Typae esrepai: 1943-1979 sxpuimapbl TemeHIeEy,
an 2006 >xpuimaH Oacram Ketepimy Oaiikamapl. KnmmarTelk e3repicTepliy
ce3iMTall KOpCETKIilIi OOl TaObLIATBIH MY3IBIK PEKUM TeMIIeparypa MeH
JKaybIH-IIAIIGIHHBIH ayBITKybIHA OalIaHBICTBI OONIBI. [MAPOXUMUSIIBIK Tajiay
HOTIKECIHIE Cy/Ia OPTaHUKAIBIK ’KOHEe OMOTCHTIK 3aTTap IbIH, COHIal-aK aMMOHHH
MEH HUTPUT a30THIHBIH KOFapbhl JCHreHJIepi aHBIKTANbI, OYJ aHTPOIOTEHIIK
nactaHynbel kepceTTi. COHbBIMEH Karap, OMOTEH/II KOHE OPraHHKAaJIbIK 3aTTapIbIH
KOIDKBUIIBIK JWHAMUKACHL CYy OKOXKYHECIHE aHTPONOTEeHMIK KBICBIMBIHBIH
KyIeirenin kepcerTi. Herisri kepceTKimTep/IiH cambICThIPMAIIbl TYPaKTHUIBIFbIHA
KapaMacTaH, JKeKeJIeTeH KOChUIbICTap OOMBIHIIA HOPMATHBTEH acy >KarJaiiapbl
JKOJIOTHSIIBIK ~ KaTepaiH ©Oap eKeHiH aHrapTaapl. ManH-KeHmgamm TecTiHiH
HOTHXeJIepl 3epTTey aliMarblHAa aya TemieparypachlHbIH ecyiH (Z=3,30) 99 %
CEHIMJUIIK JeHrelinae aiKplHAalabl. 3epTTey HOTHXKENepl KIMMAaTThIH e3repyi
KaraalblHAa THIMII Cy pecypcTapblH Oackapy MeH DKOKYHEHIH TYPaKThl Jamybl
YIIiH THIPOJIOTHSIIBIK, KOHE THIPOXUMHSIBIK MOHUTOPHHITI Y3IIKCI3 KYPTri3yliH
MaHBI3IBUIBIFBIH aHKBIHIAWIEI. MapKakesl Kejli OOMBIHINA ajdbIHFaH HOTIDKEIEp
allMaKTBIK KIUMATTBIH ©3TepyiHe OaillaHBICTBI THIPOJIOTHSIIBIK PEKUMHIH
TpaHcHOpMALMACHIH JaNenaeiai. by KyMbIC FBUIBIMH TYCIHIKTI JaMmbITyFa 1a,
TaOUFU pecypcTap/bl 0ACKapYIbIH TOKIPUOSTIK KOMAAHBUTYbIHA JIa aWTapIIbIKTaM
yJiec Kocajpl.
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AnHoTauus. B 1aHHOM uccaeq0BaHUN paccMaTpUBAETCs BIMSIHUE U3MEHEHUN
KJIUMaTa Ha THIPOIKOIIOTUIECKOE COCTOSTHHE 03epa MapKakoib, pacoiIoKeHHOTO
B Bocrtounom Kazaxcrane, B MHoronetrHeM acnekre. I[IpoBenaén ananus
TeMIIepaTypsl BO3IyXa, aTMOCHEPHBIX OCAIKOB, JICAOBBIX SBICHHMA, YPOBHSI
BONIBI M THAPOXMMHYECKUX XapakTepuCTHK. Ha ocHOBe aHamm3a MHOTOJIETHHX
THAPOMETEOpoJoTHIecKknX HaHHBIX (1984-2020 TT.) BBISIBICHBI 3HAYUMBIC
TCHACHIUU W 3aKOHOMEPHOCTU M3MCHCHHUSA YPOBHA BOJbI, TEMIICPATYPhI,
COJIEHOCTH U JIEOBOTO pexuma. Ocaky MPOSBUINA BBIPAKEHHYIO IUKIUYHOCTH
C IBYMS OTUETIMBBIMU IIMKJIAMHU YBIXHEHHUA. YPOBEHb BOJABI B 03epe Kojebdascs
nepuonndecku: ¢ 1943 mo 1979 rr. mabmonanoce camxkenne, a ¢ 2006 roma —
ITIOBBIIICHUC. He)IOBl)Iﬁ PEXKUM, HBJ’ISHOH.IHﬁCH YYBCTBUTCJIBHBIM HWHIUKATOPOM
KIIMMAaTN4Y€CKUX H3MCHCHHI>'I, HaXooWJICA 110 BIIUSITHUEM KoJIeOaHu TEMIICPATYpPbI U
KOJTMYECTBA OCAIKOB. | MIPOXMMUYECKUH aHAJN3 MOKa3al HaJTMurie OPraHuIeCKIX
1 OMOTEHHBIX BEHICCTB, a TAKXKE IOBBIIICHHBIC KOHUOCHTpalIWKn aMMOHHMHOTO
U HUTPUTHOI'O aszoTa, 4YTO CBUIACTCILCTBYET O BO3IICI710TBPH/I AHTPOIIOTCHHOI'O
3arpsi3sHeHHs. AHANU3 BBIABWI TPU3HAKK YCWIIEHHS aHTPOIIOTEHHOW HAarpy3KH,
BIMSIIOIIEH Ha TUAPOXMMHMUYECKUI pEXUM M SKOJOTHYECKOE PAaBHOBECHE
o3epa. HecMoTpsi Ha OTHOCHTENbHYIO CTAaOMIBHOCTH OCHOBHBIX TIOKa3aTelew,
3a(1)I/IKCI/IpOBaHI>I IPEBBIIICHUA HOPMATUBOB II0 OTACIBHBIM COCIAWMHCHUAM, YTO
YKa3bIBa€T Ha MOTCHUHUAJIBHBIC SKOJIOTHYCCKHUE PUCKU. Pe?,y.HI)TaTI)I Tecta MaHHa—
Kenmamma mo TtemmepaType Bo3ayxa B paiioHEe o03epa IMOKa3aldd MOBBIIICHNE
temmepatypsl (Z=3,30)c ypoBHEM TOCTOBEpHOCTH 99 %. Pesynprarsi ucciie1oBaHms
HOIIT-IépKI/IBaIOT BaXXHOCTB HEIIPEPLIBHOTO THAPOJIOTMYCCKOTO U THAPOXUMHNYECCKOI'O
MOHUTOPHUHTA 11 3PPEKTUBHOTO BOIOTIOIH30BAHUS W YCTONYMBOTO PA3BUTHUSA
OKOCHUCTEMBI B YCIIOBUAX HN3MCHCHHUA KJIMMara. HpOBelIéHHaSI pa60Ta BHOCUT
BKJIaJd KaK B pa3sBUTHUEC HAYYHBIX HpeHCTaBHeHI/Iﬁ (6] BOBHeﬁCTBHH KIIMMaTN4Y€CKUX
M3MEHEHHMM, TaK U B COBEPLICHCTBOBAHUE IPAKTUKH YIPABJICHUS MPUPOIHBIMU
pecypcamu.

KualoueBble cjioBa: 03epo, HW3MEHEHHE KJIMMara, THIPOMETEOPOJIOTHS,
arMoc(epHbIe 0CaIKH, JIETOBBIA MOKPOB
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Introduction. Lakes are important components of the global hydrosphere,
having a significant impact on local ecosystems, climate and human economic
activity. The hydrological regime of lakes, including changes in water level,
temperature, salinity and other parameters, is determined by a complex of natural
and anthropogenic factors.

The hydrological regime of lakes is characterized by several key factors.
Firstly, seasonal fluctuations significantly impact water levels. Secondly, water
temperature varies seasonally, affecting water mass mixing processes. Long-term
climatic changes, particularly global warming, can induce substantial alterations
in lake hydrological regimes. These changes manifest in water level fluctuations,
precipitation patterns, and temperature conditions. A notable example of such
long-term impacts is the shrinking of the Aral Sea due to increased irrigation in
its basin (Duan et al, 2024, Wang et al, 2024). Anthropogenic activities, such as
water withdrawal for economic purposes, dam construction, and water pollution,
can significantly disrupt natural hydrological cycles. Lake Chad, for instance, has
experienced a decline in size due to intensive water extraction and climatic factors
(Akuma et al, 2024, Sultonov et al, 2024). Lastly, physiographic factors, including
geological features like soil type and topography, influence infiltration and surface
runoff processes. Vegetation within the lake basin plays a crucial role in water
retention and evaporation reduction.

The hydrological regime of natural water bodies, including lakes, serves as a
crucial indicator of their functional characteristics. This regime is influenced by
both zonal and azonal factors. Among the zonal factors, climate emerges as a
primary driver, affecting the water and thermal regimes of lakes. Azonal factors,
such as the lake basin's morphometry and morphology, also play a significant
role (Shiklomanov, et al, 2013). The hydrological regime of rivers is crucial for
various human activities. Consequently, the study of river hydrological regimes,
their formation processes, and their variations is a global endeavor. Numerous
issues, including surface-groundwater interactions, climate change impacts, water
body level regimes, and the effects of environmental problems and anthropogenic
factors, are closely linked to changes in water body hydrological regimes (Zhang et
al, 2016, Dutta et al 2015).

In recent decades, global climate change, characterized by rising air
temperatures, has had a pronounced impact on water body regimes. These changes
occur both globally and regionally (Israel et al, 2001). One notable consequence
of global warming is the transformation of river hydrological regimes. Therefore,
understanding how climate change manifests in lake hydrological regimes is of
paramount importance. It is evident that the hydrological regime of lakes is the
product of complex interactions between natural and anthropogenic factors. The
study of this regime is essential for effective water resource management, mitigation
of hydrological disasters, and sustainable development of lake-dependent regions.
Modern monitoring and modeling techniques offer valuable tools for comprehending
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and forecasting changes in lake hydrological regimes, enabling informed decision-
making in water use and environmental protection.

Determining hydrological characteristics under varying conditions is a critical
practical task in design work, addressed in both normative literature and scientific
research. This article examines the changes in the hydrological characteristics of
Markakol Lake, selected as the study site.

Materials and Methods. Markakol Lake, situated in the mountainous region of
Eastern Kazakhstan, is a freshwater lake occupying an asymmetrical intermontane
basin. Remnants of ancient, now-drained lakes can be found in the surrounding
mountains. The lake's basin is characterized by steep slopes to the south and an
accumulative shoreline to the north. Its formation is linked to tectonic uplift, which
created a barrier, leading to water accumulation in the depression. Initially, the
Kalzhyr River flowed through the basin, but subsequent tectonic activity submerged
the riverbed, forming the lake. The region experiences harsh winters with average
temperatures plummeting to —20°C or lower, leading to prolonged ice cover
formation. Winter snow cover further influences the lake's thermal regime and ice
formation processes. Markakol Lake is located at an altitude of approximately 1449
meters above sea level. It covers an area of around 455 km2, with a length of 38 km,
a width of up to 19 km, an average depth of 14.3 m, and a maximum depth of 24 m.

Ice cover typically forms on the lake in early winter (October-November) and
persists until spring (April-May). The duration and thickness of the ice cover are
influenced by annual temperature fluctuations and precipitation. On average, ice
thickness can reach 1-1.5 m. The ice cover significantly impacts aquatic ecosystems
by limiting light penetration and photosynthesis during winter, affecting vegetation
and aquatic organisms. Ad-ditionally, alterations in the oxygen regime beneath the
ice can lead to changes in the species composition of aquatic organisms.

The study utilizes hydrometeorological observation data obtained from
the weather station of the National Meteorological Hydrological Service RSE
'Kazhydromet' (Figure 1). The analysis incorporates data on average monthly air
and water temperatures, monthly precipitation totals, ice thickness values, and the
onset and cessation dates of ice phenomena. Static analysis methods were employed
in the research. Trends were calculated using the least squares method, and their
statistical significance was assessed through the Student and Fisher criteria.
Difference integral curves were utilized to identify spatial and temporal patterns in
the long-term fluctuations of hydrometeorological indicators.
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Figure 1. Location map of Markakol Lake weather station.

Results and discussion. Change in air temperature

A prominent characteristic of long-term climate change in the region is a
warming trend observed in the latter half of the 20th century and the early 21st
century. Figure 2 illustrates the multi-year variations in mean air temperature
in the Markakol Lake region from 1983 to 2022. The results clearly indicate a
pronounced upward trend in temperatures throughout the year. The average annual
air temperature (Figure 2f) exhibits a steady gradient of +0.05 °C/year during the
1983-2022 period.
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average
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Changes in atmospheric precipitation

Table 1 shows the values of the intra-annual distribution of atmospheric
precipitation in the Markakol Lake area. According to long-term data from 1983
to 2020, annual precipitation in the Markakol Lake region ranges from 404 mm
(1986) to 724 mm (2016), with an average of 564 mm. Over half of the annual
precipitation (51.8%) occurs between May and September, with the summer season
contributing an average of 32.4% to the annual total (Table 1). Winter is the driest
season, accounting for only 18.1% of the annual precipitation. Autumn and spring
contribute 28.4% and 20.9%, respectively.

Overall, the analyzed meteorological stations in Almaty Region show a trend of
air temperature change by 0.2—0.3°C per decade between 1937 and 2024.

The study of long-term precipitation changes is one of the key issues. Precipitation
undergoes spatial and temporal variations influenced by atmospheric circulation
patterns, physical-geographical conditions, and seasonal factors. These factors
interact closely, shaping the spatial and temporal distribution of precipitation both
throughout the year and from year to year.

The precipitation regime across different regions of Kazakhstan is highly
diverse. Except for high mountain areas, Kazakhstan is classified as a region with
insufficient precipitation. In desert zones, precipitation levels are extremely low.
Therefore, a defining characteristic of Kazakhstan's steppe climate is pronounced
aridity, primarily due to its location in the center of Eurasia.
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Figure 3. Dynamics of precipitation changes in Almaty region (1937-2024)
*1 - Kuygan, 2 - Zharkent, 3 - Almaty, 4 - Kogaly, 5 — Mynzhylky

Figure 3 presents the distribution of annual average precipitation dynamics
for the studied locations. The highest precipitation levels are recorded at the
Mynzhylky station, while the lowest levels are observed at the Kuigan and Zharkent
meteorological stations. Over the study period, precipitation at Mynzhylky showed
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a decreasing trend of 0.5 mm per decade, whereas in Almaty, Zharkent, and
Kogaly, precipitation increased by 0.4—0.8 mm per decade. At the Kuigan station,
no significant trend was observed. Topography plays a crucial role in precipitation
distribution. Due to the influence of mountain slopes, precipitation tends to increase
in mountainous areas while decreasing at lower elevations.

During the second half of the 20th century, precipitation trends across Kazakhstan
were influenced by synoptic processes within the general warming trend. However,
it was found that precipitation increased during the cold season while decreasing
during the warm season (Muratova, et al, 2014). In 2021, the average annual air
temperature anomaly in Kazakhstan was recorded at +1.6°C above the 1961-1990
average (5.4°C), which was 0.3°C lower than in 2020. Since the 1960s, each
subsequent decade in Kazakhstan has been warmer than the previous one. During
the most recent decade (2012-2021), the average annual air temperature was
recorded at +6.6°C, exceeding the climate norm by 1.2°C, marking the highest
decadal anomaly on record. The previous warmest decade was 2001-2010, with an
anomaly of +1.1°C.

The most recent five-year period (2017-2021) was also the warmest on record,
with an average annual air temperature of +6.7°C, which was 1.3°C above the
climate norm.

Table 2. Warmest years in observation history and corresponding averaged annual air temperature
anomalies (°C)

Ne | Global | Kazakhstan | Almaty region | Average annual air Average annual air temperature
(since (1941-202) |temperature anomaly | anomaly averaged across
1850) averaged across Almaty region (jan.-dec.)

Kazakhstan (jan.-dec.) |(1937-2021)

1 {2020 (2020 2016 1,9 2,0

2 |2016 |[2013 2013; 2019 1,9 1,9

3 12019 |1983 2002 1,8 1,8

4 (2017 |2015 2006; 2007 1,6 1,8

5 12015 2021 2021 1,6 1,7

6 (2021 (2002 2015 1,6 1,6

7 12018 [2004 2008 1,5 1,6

8 12014 |2019 2004 1,5 1,6

9 2010 (2016 1997; 1941 1,5 1,6

10 | 2005 [2007 2017 1,5 1,5

Table 2 presents the ranked series of annual mean temperature anomalies for
the selected meteorological stations in the Almaty region from 1937 to 2021. On
a global scale, all ten of the warmest decades have occurred in the last century.
According to the 2021 report by the World Meteorological Organization, 2021 was
one of the seven warmest years on record. The global average air temperature in
2021 was approximately 1.1°C higher than the 1850—1900 baseline period.

The following tables (Tables 2 and 3) provide data on temperature and
precipitation deviations for different decades in the Almaty region from 1937 to
2024.
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Table 3. Air temperature variations in different periods

Air temperature variations in different periods, °C
Station 1937- 1947- | 1957- [1967- |1977- |1987- [1997- 2007- |2017-

1946 1956 | 1966 1976 1986 |1996 |2006 2016 [2024
Kuigan -0,3 -0,8 [-0,5 -1,0 |-0,2 |03 1,1 1,0 2,4
Zharkent -0,7 -1,2 [-0,3 -0,7 10,3 0,40 |[1,1 0,9 23
Almaty 03 08 [-05 [-08 [-02 Joo 10 1,1 22
Kogaly -0,2 -0,5 |-04 -0,6 0,2 0,2 0,6 0,6 1,1
Mynzhylky -0,6 -0,6 [-0,5 -0,6 0,2 0,0 0,8 0,8 1,3

According to Table 3, the warmest decades in the Almaty region from 1937 to
2021 were observed in the last 30 years, with air temperature increases ranging
from 0.6°C to 1.5°C. The most significant warming was recorded at the Almaty
station (1-1.5°C), which can be explained by its urban location. The increase in
greenhouse gas emissions from vehicles and thermal power plants contributes to
additional heat accumulation.

Table 1. Intra-annual distribution of atmospheric precipitation in the area of Markakol Lake
Month I o | |1v |V VI |VII |VID|IX |[X |XI |XII |Year
Preciplation:1ag 127 |28 (36 [s4 |53 |68 |62 |55 |51 |s4 |46 |56

% of annual
amount

5.1414.7914.96 (6.389.57(9.40|12.1 | 11.0{9.75]9.04 | 9.57 | 8.16 | 100

Multi-year variations in total annual precipitation, as depicted in Figure 3,
indicate a decreasing trend for the months of May, August, and December. However,
this trend is not evident in the graph of total annual precipitation values (Figure 3d).
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Figure 4. Multiyear changes in atmospheric precipitation in the Markakol Lake for the 1983-2022
period. (a) May, (b) August), (c) December), and (d) Annual total
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In addition to unidirectional trends, multi-year changes in atmospheric
precipitation in the Markakol Lake region exhibit cyclical patterns. The difference
integral curve (Figure 4) allows for the identification of phases of decreased (below-

normal precipitation) and increased (above-normal precipitation) moisture content
(Table 2).
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Figure 5. Difference integral curve of annual precipitation totals in the area of Markakol Lake

Table 2. Phases of low and high moisture content

Phase of low moisture content Phase of high moisture content Full Meap fmqual

. Cvele Aver.age . ‘ Cvele Aver.age . cvele precipitation
Period Y precipitation, | Period Y precipitation, 4 for the full

(years) mm (years) mm (years) cycle (mm)

1984-1986 |3 491 1987-1990 |4 610 7 559
1991-1992 |2 559 1993-1996 |4 576 6 570
1997-2000 |4 508 2001-2002 |2 609 6 542
2003-2008 | 6 511 2009-2010 |2 614 8 537
2011-2012 |2 495 2013-2019 |7 637 9 605
2020-2022 |3 520

Analysis of Table 2 reveals two complete cycles: 1984-2002 and 2003-2019,
spanning 19 and 17 years, respectively. Phases of low moisture content (lasting 2
to 6 years) alternate with phases of high moisture content (lasting 2 to 7 years). The
complete cycles range from 6 to 9 years in duration.

Climate change impact on the hydrological regime of Markakol Lake

Water level fluctuations in lakes are influenced by the balance between inflow
and outflow components of the water balance: precipitation, evaporation, surface
runoff, and groundwater exchange. Unlike rivers, which respond rapidly to changes
in climatic conditions, lakes exhibit significant hydrological inertia. While river
water levels are primarily determined by current inflow, lake water levels are
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influenced by the inflow-outflow balance of the current year as well as the climatic
conditions of the preceding season (Danilovich, 2005, Madibekov, et al, 2024).

Climatic factors, such as atmospheric precipitation and air temperature,
significantly impact river and lake water supply. The inflow to Markakol Lake
is dominated by river runoff, with 27 small rivers and streams, including the
Karabulak, Matabai, and Zhiren Baital rivers, feeding the lake. The Kalzhyr River
is the primary outflow. However, due to the absence of hydrological stations on the
inflowing rivers, it was not possible to quantify the inflow into the lake. Data on
runoff is available only for the outflowing Kalzhyr River.

We utilized air temperature and precipitation data from three meteorological
stations near Markakol Lake, provided by RSE 'Kazhydromet': Markakol Reserve
(1983-2020), Terekty (1972-2020), and Orlovsky settlement (1940-1997). These
stations have consistent observation records.

To assess the impact of climate change on Markakol Lake's hydrological
regime, we employed statistical methods, including the linear trend coefficient and
the non-parametric Mann-Kendall test. The Mann-Kendall test is a widely used
non-parametric statistical test for trend analysis in time series. In recent years, this
method has been applied to evaluate trends in hydrological and meteorological
data, such as precipitation, river flow, and air temperature. The advantages of this
test include its non-parametric nature, which does not require normally distributed
data, and its low sensitivity to abrupt discontinuities in time series. Non-detected
data points were assigned a common value below the smallest measured value in
the dataset.

The null hypothesis (HO) of the Mann-Kendall (Z) test assumes no trend, while
the alternative hypothesis (H1) suggests a trend. A positive Z value indicates an
increasing trend, while a negative Z value indicates a de-creasing trend. Significant
trends at the 0.1, 0.05, and 0.01 significance levels correspond to |Z| values greater
than 1.64, 1.96, and 2.58, respectively. In this study, we applied 90%, 95%, and
99% confidence levels to analyze the hypotheses.
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Figure 6. Time course of Markakol Lake level.
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Analysis of water level fluctuations in the lake reveals a cyclical pattern
characterized by alternating phases of increasing and decreasing water content.
However, these cycles exhibit varying durations, resulting in a complex overlapping
pattern. A rolling five-year analysis of the long-term water level course indicates
a gradual decline from 1943 to 1979, followed by a gradual increase until 2006. A
slight decrease was observed from 2007 to 2013, but in recent years, the water level
has been gradually rising.

While a slight downward trend is evident in the long-term water level course,
dividing the period into two segments (1943-1973 and 1974-2020) due to modern
climate change reveals a significant positive trend (Z > 2.58) at a 95% confidence
level for the period 1974-2020, as determined by the Mann-Kendall test (Table 3).

Table 3. Mann-Kendall test results (Z-statistics).

. Test Z (lake Test Z Test Z
Months | Periods level) ( (precipitation) (temperature)
1 0.43 0.70 0.83
2 0.39 -0.80 -0.41
3 0.15 0.12 1.48
4 0.03 -0.44 0.02
5 0.65 0.61 -0.88
6 0.49 0.51 -0.09
7 1943-1973 0.02 1.29 -0.82
8 0.41 0.48 -1.02
9 0.51 0.26 -0.75
10 0.56 0.65 -0.12
11 0.43 -0.92 2.14
12 0.54 -0.54 0.99
year 0.44 1.09 1.16
1 2.63%* 0.48 0.10
2 2.57* -0.02 1.26
3 2.92%% 2.15* 3.02%*
4 3.69%** 0.88 3.15%*
5 3.10%* 0.08 1.49
6 1.89 1.39 1.94
7 1974-2020 2.19* 2.86%* 1.46
8 2.51* 1.06 2.35%
9 2.52% 1.12 0.27
10 2.59%* 1.67 1.16
11 2.25% 0.98 0.77
12 2.46* -0.32 1.27
year 3.12%* 2.75%* 3.30%**

Validated significance levels: 0.001 (**%*), 0.01 (**) and 0.05 (*)

Additionally, the considered meteorological stations exhibit a positive trend in
annual precipitation amounts (Z = 2.75) for the modern period (1974-2020). The
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Mann-Kendall test results for air temperature in the lake area indicate a significant
increase in air temperature (Z = 3.30) at the 99% confidence level.

Analysis of the difference integral curves of water level and precipitation reveals
synchronization in their courses (Figure 6). However, the precipitation course
exhibits a phase shift, with the onset of maximum and minimum precipitation
occurring earlier than the peak water level.
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Figure 7. Difference integral curve of precipitation and water level of Lake Markakol.

Assessment of the impact of climate change on Markakol Lake's hydrological
regime and the study of its ice regime are of significant scientific and practical
importance. The ice regime of lakes serves as a crucial indicator of climate change.
Variations in ice cover duration can reflect changes in temperature and other climatic
parameters, enabling the monitoring and forecasting of climatic trends (Table 4).

Furthermore, ice cover plays a vital role in lake hydrological processes, including
water exchange, water level, and water quality. These processes are essential for
water management and the maintenance of lake eco-systems. Changes in the ice
regime can lead to alterations in biodiversity and ecosystem dynamics.

The socio-economic implications of lake ice regimes are also noteworthy. Ice
cover is essential for various human activities, such as fisheries, transportation, and
recreation. Changes in the ice regime can impact the economies of regions reliant
on these activities.

Therefore, studying lake ice regimes is crucial for understanding and predicting
natural and anthropogenic processes, as well as for developing strategies to adapt
to changing climatic conditions.
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Table 4. Ice phenomena on water bodies with stable ice cover, Lake Markakol - Urunkhay village.

Date
Characteristic onset Of. start oftbe . onset of ice |. ..
autumn ice autumn ice |ice outbreak ice-out deicing
. breakup
phenomena drift
Average 01.11 82 % 21.11 23.04 18.05 26.05
Early (highest) |04.10 - 06.11 19.03 04.05 14.05
Year (% cases) | 1982 - 1943 1944 1947 1978,1981
Late (lowest) |19.11 - 04.12 17.05 07.06 08.06
Year (% cases) | 1973 - 1955 1977 1975 1975
Duration, 24 hours
CharacteristiC |autumnice |autumnice |ice lsfe g spring |ice-free
phenomena |drift outbreak coents ice drift |period
Mean 19 - 180 32 9 159
Early (highest) |47 11 (11) 205 73 20 182
1982 1944,1947 |1974-1975 1944 1947 1978
Year (% cases)
Late (lowest) 8 0o 160 16 o 128
1973, 1988 78 % 1955-1956 [1952 24 % 1966
Year (% cases)

The study of ice phenomena on water bodies with stable ice cover, such as
Markakol Lake, is vital for understanding climatic processes, hydrological regimes,
ecological consequences, and socio-economic impacts. This paper presents an
analysis of the ice regime of these water bodies, encompassing climatic conditions,
physical characteristics, temporal parameters of ice cover, and its influence on the
environment and human activities.

To ensure safety and efficient resource utilization, regular monitoring of ice
cover is crucial, including measurements of ice thickness, temperature changes,
and weather conditions. Modern technologies, such as satellite monitoring and ice
sensors, enable the acquisition of accurate data and timely responses to changes in
ice conditions. The study of ice phenomena on Markakol Lake demonstrates that
stable ice formation in the water body significantly impacts the ecosystem, climate
research, socio-economic development, and the safety of the local population.
Regular monitoring and analysis of ice phenomena are essential for adapting to
changing climatic conditions and optimizing the use of water resources.

Physico-chemical parameters of the lake in multiyear aspect

The dynamics of long-term hydrochemical parameters of Markakol Lake were
analyzed based on obser-vational data from the 'Markakol' hydrological post of
RSE 'Kazhydromet' for the period 1982-2020 (Madibekov et al, 2018).

Under changing air and water temperature regimes, the pH value remained
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relatively stable between 7.5 and 8.1, indicating a consistently weak alkaline
environment over the 38-year period.

Concentrations of organic substances in the lake water fluctuated significantly,
ranging from 4.0 to 24.0 mg/l. High values, such as 24.0 mg/l in 1986 and 23.0
mg/l in 1995, were likely associated with plant residue decomposition processes,
as evidenced by elevated nitrate nitrogen levels up to 5.50 mg/l (Figure 7). The
oxidizability of lake water remained relatively stable between 4.0 and 5.9 mg/l
from 2000 to 2013.

No significant changes were observed in the concentrations of nutrients in the
lake water. However, exceedances of fishery standards were noted for ammonium
and nitrite nitrogen. Ammonium nitrogen concentrations fluctuated between 0.01
and 2.93 mg/l, with exceedances of up to 7.5 times the fishery standard in 2010
and up to 1.2 and 1.7 times in subsequent years, indicating the presence of organic
matter decomposition products in the lake water. Nitrite nitrogen concentrations
ranged from 0.0 to 0.10 mg/l, consistently exceeding or reaching the fishery
standard in most years. Nitrate nitrogen concentrations varied widely from 0.0 to
2.4 mg/1 but remained below normative levels. The presence, quantity, and ratio of
nitrogen-containing compounds in the water provide insights into the degree and
age of water pollution by organic matter.
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Figure 8. Concentrations of nutrients and organic matter in the water of Markakol Lake over a
multi-year period.

Lake water is characterized by low concentrations of dissolved phosphorus,
ranging from 0.014 to 0.214 mg/l, which does not exceed MACfishery standards.

Dissolved oxygen concentrations range from 6.53 to 12.8 mg/l, averaging 89%
saturation (Figure 8), providing favorable conditions for aquatic life.
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Figure 9. Water mineralization and dissolved oxygen concentration over a multi-year period.

Relatively high values of lake water mineralization, reaching 111 and 119 mg/1
in 2002 and 2008, respectively (Figure 8), were observed. However, overall, the
lake water mineralization ranges from 38.0 to 93.0 mg/l, classifying it as fresh
water. Based on its ionic composition, Markakol Lake water belongs to the
hydrocarbonate class of the calcium group.

Since the 1970s, a gradual increase in water mineralization has been observed,
ranging from 53.0 to 96.0 mg/l on average (Table 1). An exception is 2010, when
mineralization was low at 38.0 mg/l, potentially due to abundant precipitation
leading to increased lake water volume.

Regarding the toxicological status of the lake, analysis of literature, scientific,
and project data indicates that the lake ecosystem has been subjected to various
stressors in recent decades, including pollution from animal waste and chemical
and toxicological contamination of water and soil (Rakybaeva et al, 2011).

Analysis of monitoring data from RSE 'Kazhydromet' (18-25) for the period
1970 to 2002 revealed that the average long-term content of copper (up to 3.8 pg/l)
and zinc (up to 7.4 pg/l) in the water exceeded established standards (2.2 and 3.8
MACfishery, respectively). The maximum copper concentration, reaching 7.0 pg/l
in 2002, exceeded the standard by 7.0 times (Figure 9). High zinc concentrations
were observed in two periods: 1984-1988 (up to 12.2 ug/l) and 2001-2004 (up to
12.3 pg/l). The maximum zinc concentration for the entire period was recorded in
1986, reaching 20.0 pg/l.
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Figure 10. Heavy metals in water of Markakol Lake.

Cadmium concentrations were significantly below the fishery standard in recent
years. However, the lack of long-term data precludes a comprehensive assessment
of long-term trends in cadmium levels in the lake water.

The toxicological burden on the lake's aquatic ecosystem is further supported by
studies conducted by the Institute of Hydrobiology and Ecology (Amirgaliev, et al,
2019), which reported elevated concentrations of zinc, copper, and lead. According
to data from 1992-1993, zinc concentrations in water ranged from 0.005 to 0.061
mg/l, averaging 0.022 mg/I.

Zinc accumulation in higher aquatic plants was found to be between 0.5 and
80.0 g/t, with an average of 8.67 g/t (Madibekov et al, 2024, Ismukhanova et al,
2024).

Conclusions. The hydrological regime analysis of Lake Markakol yields
several key findings. Cyclical patterns are evident in the multi-year variation of
atmospheric precipitation in the region. Two distinct cycles are identified: from
1984 to 2002 and from 2003 to 2019, lasting 19 and 17 years respectively. Periods
of low humidity, ranging from 2 to 6 years, alternate with phases of higher humidity,
which last between 2 to 7 years. These complete cycles span between 6 and 9 years.

Similarly, the lake's water level regime follows a cyclical pattern, influenced
by the variability in atmospheric precipitation. Analyzing the fluctuations reveals
alternating phases of rising and falling water levels, with complex overlapping
cycles of varying duration. A notable decline in the water level was observed from
1943 to 1979, followed by a gradual increase until 2006. From 2007 to 2013, a
slight decrease occurred, but recent years have seen a gradual rise. Over the long
term, there 1s a minor downward trend in water level. However, when divided into
two periods (1943—-1973 and 1974-2020) to account for modern climate change,
the Mann-Kendall test for the 1974-2020 period reveals a significant positive trend
(Z>2.58) at a 95% confidence level.
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During the modern period (1974-2020), meteorological stations in the area also
show a positive trend in annual precipitation, with a significant result (Z = 2.75).
Furthermore, air temperature analysis using the Mann-Kendall test demonstrates a
statistically significant increase (Z=3.30) with 99% confidence.

Synchronization between water levels and precipitation patterns is observed
through difference integral curves. However, a shift in the timing of precipitation
extremes is noted, with maxima and minima in precipitation occurring earlier than
those in the lake's water level.

The long-term dynamics of biogenic and organic substances in the lake indicate
the presence of organic decay products, which adversely affect the hydrochemical
regime. While the lake's water is classified as oligo-trophic based on key physical
and chemical parameters, indicators such as dissolved oxygen and nutrient levels
suggest the potential for increased aquatic vegetation. This could lead to pollution
and disturbance of the lake's biological balance, potentially triggering eutrophication
and algal blooms.

Additionally, the content and ratio of nitrogen compounds in the water reflect
the degree and age of pollution from organic sources. The anthropogenic impact on
the lake’s aquatic ecosystem is further exacerbated by the presence of heavy metals,
which pose a threat to the aquatic biota.

To ensure the long-term sustainability of Lake Markakol’s hydrological and
ecological systems, a comprehensive approach is needed. Key actions include
continuous monitoring of hydrological cycles and water quality, alongside the
development of climate change adaptation strategies. Addressing potential
eutrophication requires stricter pollution control, particularly targeting nutrient
and organic inputs, while efforts to reduce heavy metal contamination through
remediation and source identification are essential. Conservation of biodiversity
through protected zones and habitatrestoration, coupled withcommunity engagement
in sustainable practices, will help maintain the ecological balance. Additionally,
fostering collaboration and further research will enhance understanding of the lake’s
complex dynamics and support innovative restoration and management efforts.
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