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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 Asusn axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAP Cepusicbly 2bliviMu dcypranvinvily Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRAHUusACul Jcyprandvl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwiioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei men canacwin Ycvinaovl. KP ¥YFA Xabapnapeo.
Teonocus scone mexuuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyl 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2eon02usi JHeaHe MexXHUKAIbIK
EbLIBIMOAP OOULIHUWA KOHMEHMKe a0anoblblmbi30bl 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 npuepIHCeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY N0 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue20 coobuecmsa.
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Abstract. One of the global problems of our time is climate change. This problem
is relevant not only at the level of individual states, but also on a global scale, having
a significant impact on both natural ecosystems and socio-economic development
of mankind. In the presented article, a comprehensive study of the impact of global
warming on the climate of Almaty region, located in the south-east of the Republic
of Kazakhstan, has been conducted. To analyze trends, the non-parametric Mann-
Kendall test in the R Studio software environment was used, which allowed us to
assess the statistical significance of changes. Additionally, using Climpact software,
climatic indices were calculated from daily meteorological data reflecting extreme
climatic events. Based on climate scenarios presented in the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC), modeling of
possible multi-year changes in air temperature and precipitation in the region was
performed using the QGIS geoinformation system. The obtained results indicate
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the presence of stable trends of climate change in Almaty region and emphasize the
need to take into account regional climatic changes. Projections based on various
socio-economic scenarios show a possible increase in air temperature by the end of
the 21st century, which emphasizes the relevance of integrating climate risks into
the processes of strategic planning and natural resource management. The results of
the study can be used for adaptation measures and decision-making in the fields of
sustainable development, agriculture, water resources and environmental protection

Keywords: temporal changes in air temperature and precipitation, temperature
and precipitation anomalies, climate indices, future climate change scenarios
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Annoramus. Kazipri ke3zmeri fFajmamzbIK MocenenepiaiH Oipi — jkahaHIBIK
KBUIBIHY CalapblHaH KIUMATThIH e3repyi. byn Mocene jkeke enjepae FaHa
eMec OYKin Fajammiapja e3eKTi OOJbI TaObUIajbl, COHBIMEH KaTap OJ TaOWFu
SKOKYHENepre acep eTin KaHa KoWMai, agam3aTThiH QJIEyMETTiK-DKOHOMHUKAIBIK
JIaMyblHa Ja eneyni ocep eremi. bynm makamana Kaszakctan pecmyOiauKachIHBIH
OHTYCTIK-IIIBIFBICHIH/IA OPHAJIACKAH AJIMAThl OOJIBICHIHBIH KIMMaThIHA jkahaHIIbIK
KBUTBIHY/IBIH 9Cepi 3epPTTeNil, caparnramMa jkacajibl. AMaThl OOJbICKI OOMBIHINA
1937-2024 xplnaap apaiblFbIHIAFbl aya TEMIIEPATYpPachl MEH JKaybIH-IIAIIIHHBIH
aHOMAJIHSTIAPhl €CEeNTEeNIN, COHFBI JKBUIIAphl aya TeMIepaTypachl OOMBIHIIA OH
TaHOAJIbI, aJ1 )KaybIH-IIAIIBIH OOWBIHIIIA TEPiC TaHOAIIEI aHOMATHsUTAp OalKaIFaHbI
aHbpIKTamAbl. TpeHarepnai tanmmay ymiH R Studio Oarmaprmamanblk opTachiHIa
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napameTpiik emec ManH-KeHmamn TecTi malgamaHbUIABI, OYJI e3repicTepliH
CTaTHUCTUKAJIBIK MaHBI3IBUIBIFBIH Oaranayra MyMKiHIIK Oepai. CoHbIMEH Katap,
Climpact OafrmapiiaMaiblK ©HIMIH KOJJIaHA OTBIPBII, SKCTPEMaJJIbl KIMMATThIK
KYOBUTBICTap/Ibl KOPCETETIH TOYIIKTIK METeoJepeKTep OOMBIHINA KIUMATTHIK
WHIEKCTEp ecenTemmi. KmuMaTThIH e3repyi )KOHIHACT] YKiMeTapalbIK capariibuiap
1o0btHBIH  (IPCC) anteiHImBL  Oaranay eceOiHIe YCHIHBUIFAH —KJIIMMATTHIK
crierapwuitnep Herizinge QGIS reoakmaparThiK KyHeciH KoJaHa OThIPHII, OHIpAET1
aya TeMIieparypachl MeH JKaybIH-IIAIIBIHHBIH BIKTUMAJ KOIDKBUIJIBIK ©3repicTepin
MOJICTIb/ICY OPBIHIANIABL. AJIBIHFAH HOTIDKeNep — AJMarhl OONBICBIHIAFBI
KIMMATTBIH ©3TepyiHIH TYPaKThl YpJIICTEpiHiH Oap eKeHHIriH pacTaiibl *KoHE
OeifiMenry MEH caifapiapasl a3alTy CTpaTeTHsUIapBIH d3ipiey Ke3iHae eHIpIiK
KIIMMATTHIK ©3TepPIiCTep/i ecemlKke aly KaKeTTIriHe Hazap ayfapaipl. Op Typii
QJIEyMETTIK-OKOHOMUKAIBIK ~ CIleHapuiiepre HerizaenreH Oomkammap XXI
FACBIPJbIH AasFBIH/IA aya TEMIIEPaTypachIHbIH >KOFAPBUIAYbIH KepceTei, Oy
KIMMATTBIK TOYEKEJIEpl CTPaTeTrUsUIbIK JKOCTapiay >KOHEe TaOMFH pecypcTap/bl
Oackapy mnporiecTepine OIpIKTIPY/IiH ©3eKTUIITH aHFapTajbl. 3EPTTEY HOTHKEIEPI
OeifiMeny ImapagapblH 93Ipiiey *KoHE TYPAKTBI JaMy, aybUl Mapyambuibirel, Cy
pecypcTapsl )kKoHE KOpIIIaFraH OPTaHBI KOPFay cajlalapblHAa IIenriMaep Kaobuiiay
YIIIiH Mai1anaHpuTybl MYMKIiH.

Tyiiin ce3mep: aya Temmeparypachl MEH >KaybIH-IIAIIBIHHBIH YaKbITTBIK
e3repynepi, aya TeMIlepaTypachl MEH JKaybIH-IIAIIBIHHBIH aHOMAJHSIIAPHI,
KITMMATTBIK HHACKCTEP, KITUMMATTHIH OOJalIak e3repy clieHapuiiiepi
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AnHotamusi. OfHON u3 DI00ATBHBIX MPOOIEM COBPEMEHHOCTH SIBJISICTCS
M3MeHeHue KiuMara. JlaHHas mpoOjemMa akTyalbHa HE TOJbKO Ha YPOBHE
OTACIBHBIX TOCYIAapCTB, HO M B MHUPOBOM MacIITade, OKa3bIBas 3HAYUTEIBHOE
BO3/ICHCTBUE KaK HA TPUPOIHBIE IKOCUCTEMBI, TaK U Ha COIUATBHO-I)KOHOMUYECKOE
pa3BUTHE dYeloBeUeCTBA. B mpencTaBiIeHHON CTaTbe MPOBEACHO KOMILJICKCHOE
WCCIIC/IOBAaHUE BIMSHHUA DIO0AJTBHOTO TOTEIUICHUS HA KIUMar AJIMaTUHCKOW
o0JIacTH, PacIoioKeHHON Ha toro-ocroke PecnyOnmuku Kazaxcran. Ha ocHoBe
METEOPOJIOTHUECKUX JTAaHHBIX, OXBaThBalomuX mepuon ¢ 1937 mo 2024 ronsl,
paccuMTaHbl aHOMAJIUU TEMIIEPATYPhl BO3IyXa U OCAJKOB, BBISIBICHBI YCTOUYUBEIC
MOJIOKUTETBHBIC AHOMAIHK TEMIIEPaTyphl U OTPULIATEIBHBIC aHOMAIUU OCAJKOB B
nocienHue aecaTuieTus. s ananusa TpeH10B HCOIb30BaH HeMapaMeTpUIe CKU
tect Mann-Kennamia B nporpammuoii cpeie R Studio, 4To mo3Boauiio oneHuTh
CTAaTUCTUUYECKYIO 3HAUUMOCTb M3MEHEHHUH. J[OMOJHUTENBHO, C UCHOIb30BAHUEM
nporpammHoro obecredenuss Climpact paccuuTaHbl KIMMATHYECKUE HHJICKCHI
[0 CYTOYHBIM METEOJAHHBIM, OTPAXKAIOIIUE DKCTPEMANbHbIC KIMMATUYCCKUE
siBieHus. Ha oCHOBe KIMMaTHYECKUX CIEHapHeB, mpeiacTaBicHHBIX B Illectom
OLICHOYHOM J0KJIae MeXNnpaBUTEIbCTBEHHOMN TPYIIIBI AKCIEPTOB MO U3MEHEHUIO
kmumata (IPCC), ¢ mnpumeHenunem reouHdopmannonnoi cucremsl QGIS
BBITIOJIHEHO MOJICTMPOBAHUE BO3MOKHBIX MHOTOJIETHUX M3MEHEHUM TeMIepaTyphl
BO3[lyXa U OCAIKOB B peruone. llomyuyeHHBIE pe3ylnbTaTbhl CBHUACTEIBCTBYIOT
0 HAJIWYUMA YCTOMUYMBBIX TEHACHIIMM W3MEHEHUS KiuMara B AJIMaTHHCKOU
o0JIACTH U aKIEHTHPYIOT BHUMAaHHUE HAa HEOOXOJMMOCTH yuyeTa PErHMOHAIbHBIX
KIIMMAaTUYCCKUX U3MEHEHHUI TIpU pa3pabOTKe CTpaTeruil ajanTaluil U CMATYCHUS
nocaenctBuid. [IporHo3bl, 0CHOBaHHBIE HA PA3TUYHBIX COIIMATBHO-3KOHOMUYECKUX
CLEHAPUSIX, TEMOHCTPUPYIOT BO3MOXKHOE IMOBBIINICHUE TEMIIEpaTyphl BO3AyXa K
koHIy XXI Beka, 4TO MOTYEPKUBACT aKTYaJbHOCTh MHTETPAIIUU KIUMATHUUECKUX
PHUCKOB B IIPOLIECCHI CTPATErHUECKOTO TUIAHUPOBAHUS U YIIPABICHUS IPUPOTHBIMU
pecypcamu. Pe3ynbrarhl Mcciie[oBaHUsl MOTYT OBITh UCTIOJIB30BaHbI [Tl BRIPAOOTKH
aJIalTAIMOHHBIX MEP M TPUHSATHUS PEHICHUH B 00JaCTH YCTOWYMBOIO Pa3BHUTHUS,
CEJILCKOTO X034MCTBA, BOIHBIX PECYPCOB U OXPaHbI OKPYKAIOIICH CpPEIbl.

KamoueBble cjioBa: KIMMaTHYeCKHE W3MCEHCHHS, AJIMAaTWHCKash 0071acTh,
TeMIepaTypHble aHOMAlUW, OCaAKW, Kiaumaruueckue wuHAekcw, [PCC,
monenupoBanue, QGIS, R Studio, crieHapuu u3MeHeHUs KiiMMaTa

Introduction. Global warming is the process of gradually increasing the
average annual temperature of the Earth's atmosphere and the surface of the world's
oceans due to various factors. The concept of global warming and the greenhouse
effect was first introduced in the 1960s, and since the 1980s, this issue has been
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actively discussed at the United Nations (UN) level. The World Meteorological
Organization, the UN Environment Programme, the Intergovernmental Panel on
Climate Change (IPCC), and regional organizations such as Kazhydromet are the
main institutions conducting research on global climate change and providing
scientific information to governmental organizations at different levels.

According to the IPCC, climate change is associated with both natural internal
processes and external factors, such as variations in solar cycles, volcanic eruptions,
changes in atmospheric composition, and human activities related to land and ocean
use. The Sixth Assessment Report of the IPCC states that anthropogenic climate
change has led to an increase in the frequency and intensity of heatwaves since the
1950s. Further increases in air temperature will continue to amplify the frequency
and intensity of heatwaves. Rising temperatures and heatwaves, in turn, contribute
to an increase in diseases and mortality, food insecurity, and the extinction of local
plant and animal populations. Every additional rise in temperature exacerbates
extreme events. For example, an additional 0.5°C of global warming leads to
increased intensity and frequency of extreme temperatures, as well as prolonged
heatwaves. Heatwaves intensify droughts, fuel wildfires, and lead to electricity
shortages and agricultural losses. According to the World Meteorological
Organization, record levels have been reached in greenhouse gas concentrations,
land surface temperatures, sea level rise, ocean acidification, and ice cover in
Antarctica. Additionally, 2023 was recorded as the warmest year on record, with
an average global land surface temperature reaching 1.45°C above pre-industrial
levels (with an uncertainty of £0.12°C).

Climate change, particularly global warming, has resulted in an increase in
average air temperature by 0.5-0.7°C and arise in sea level by 10-20 cm, exceeding
the average values observed over the last 3,000 years. Since 1950, the volume of
sea ice in the Northern Hemisphere has decreased by 10-15%, while the duration
of ice cover on lakes and rivers has been reduced by two weeks in the last decade.
Over the past 50 years, Arctic sea ice thickness has declined by 40%, and in the
last 150 years, glaciers in non-polar regions have retreated significantly. Scientists
have been discussing these changes and their potential consequences with growing
concern. According to World Meteorological Organization (WMO) studies, the
average global temperature increased by 0.85°C from 1880 to 2012, accompanied
by a 10-20 cm rise in sea level. The study "Global Warming of 1.5°C" found that
exceeding a 1.5°C increase in global temperature could lead to abrupt weather
changes, reduced water availability, and an increased risk of extinction for many
animal and plant species.

The research paper "The Impacts of Climate Change on Terrestrial Earth Surface
Systems" discusses the impact of global warming on land surfaces, including its
effects on vegetation, soil, and water resources. It highlights that climate change may
lead to soil degradation, declining water quality, and reduced biodiversity (Jasper
Knight et al., 2013). Air temperature and atmospheric precipitation are critical
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meteorological parameters for assessing climate conditions and predicting weather.
These parameters are key factors in scientific research and practical applications
across various industries, including agriculture, transportation, construction, and
hydrometeorology. Between the 1980s and 2019, the average global land surface
temperature increased at a rate of 0.320°C per decade, while in the Northern
Hemisphere, the annual mean land temperature increased at a rate of 0.362°C per
decade (Beibei Shen et al., 2022).

The global warming hiatus from 1998 to 2012 has generated significant public
interest in recent years. A study analyzing air temperature across 622 meteorological
stations in China found that during this period, national and regional warming
slowed significantly. The air temperature trend from 1998 to 2012 declined by
-0.221°C per decade, which was 0.427°C per decade lower than the long-term trend
from 1960 to 1998. This indicates that the warming hiatus was more pronounced in
China compared to the global average. However, after 2012, air temperatures began
to rise rapidly and are expected to continue increasing (Du Q et al., 2019). Five
major global temperature datasets—three based on surface temperature records
(NASA/GISS, NOAA/NCDC, and HadCRU) and two based on lower troposphere
satellite measurements (RSS and UAH)—have been analyzed since 1979. All five
datasets show consistent global warming trends ranging from 0.014 to 0.018 K per
year. The lower tropospheric temperature trends are more influenced by El Nifio/
Southern Oscillation events and volcanic activity compared to surface temperatures.
The adjusted datasets indicate an ongoing warming trend with minimal data errors.
The two warmest years recorded in the datasets were 2009 and 2010 (Foster et al.,
2011).

According to data from Kazhydromet, over the past 81 years, a general increase
in annual and seasonal land surface temperatures has been observed in Kazakhstan.
Between 1936 and 2016, the average annual temperature in Kazakhstan increased
by 0.27°C per decade. Additionally, 2016 was recorded as the wettest year since
1936 in terms of total annual precipitation. In recent decades, climate change has
also been observed in the Almaty Region, particularly in changes in temperature
and precipitation. Many climatologists attribute these changes to an increase in
atmospheric carbon dioxide (CO:) concentrations caused by human activities
(Munaitpasova et al., 2024). The Almaty region is located in the southeastern part
of the Republic of Kazakhstan. It borders the Zhambyl region to the west, the
Karaganda region to the northwest, the East Kazakhstan region to the northeast, the
People's Republic of China to the east, and the Kyrgyz Republic (Chu and Issyk-
Kul regions) to the south. The geographical characteristics of the region are highly
complex, with diverse terrain. The natural conditions include five climatic zones,
ranging from deserts to perpetual snow.
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Figure 1. Map of meteorological stations in Almaty region

The northwestern part of the region consists of a semi-desert plain that slopes
gently towards Lake Balkhash and is intersected by ancient river channels of the
1li, Karatal, Aksu, Koksu, Lepsy, and Ayagoz rivers. Mountain ranges extend across
the southern and eastern parts, including the Ile Alatau and Dzungarian Alatau (part
of the Tien Shan mountain system). The middle course of the Ili River is located
at the confluence of the gradually descending mountain slopes. In the south, the
region is bordered by the Northern Tien Shan ranges, while in the northwest; it is
adjacent to Lake Balkhash. To the northeast, it is bordered by the Ili River, and to
the east, it meets the People's Republic of China (Vilesov et al., 2009).

Table 1. Brief physical-geographical description of meteorological stations in the study area

Ne | Mete- Observation | Station Lati- |Lon- |Ground- Soil type
orological |period elevation, |tude gitude |water level,
stations metres (m) metres (m)
1 |Kuygan from 1929 |344 m 45022/ | 74°08' | 2-4m Meadow soils,
y. to the highly saline with
present predominant sand,
takyr-like in the south
2 | Zharkent from 1911 |642,5m [44° 10" [80°00' | 10 m gray soil with an
y.- to the admixture of sand,
present in places patches of
solonchak
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3 | Almaty from 1915 | 847 m 43015 |76° 54 |> 15 m dark chestnut, loamy,
y. to the in places gravelly
present

4 |Kogaly from 1927 | 1410 m 44928 |78°39/13-5m mountain-valley
y. to the ]
present soil.

5 |Mynzhylky |from 1935 |3017 m 43905 |77°04 |> 15m loamy, stony, in
y. to the depressions loam with
present an admixture of gravel

and pebbles.

Materials and Methods. Climate change has become one of the most pressing
issues of our time. This phenomenon not only affects natural ecosystems but
also has a significant impact on the socio-economic development of humanity.
In Kazakhstan, studying global climate change has become a critical topic. For
this purpose, five meteorological stations in the southeastern part of the country—
Almaty, Kogaly, Kuigan, Zharkent, and Mynzhylky—were selected for analysis.
The study examined annual and monthly average temperature and precipitation data
from these stations over the period from 1937 to 2024. To understand the overall
climate changes in the Almaty region, widely used meteorological methods such as
mathematical analysis, statistical analysis, and climate deviation assessment were
applied. The Mann-Kendall non-parametric test was used to check the normality of
temperature trend lines. This test, which identifies monotonic trends in time series
data, was applied using R Studio software (mkttest(x)).

The Mann-Kendall trend test is a non-parametric test that assesses whether
there is a statistically significant trend in a dataset. The null hypothesis assumes
no trend in the data, while the alternative hypothesis suggests a monotonic trend. A
comparative analysis of temperature characteristics was performed using daily data
in the Climpact software. Additionally, climate projections based on SSP1, SSP2,
SSP3, and SSP5 scenarios from the IPCC Sixth Assessment Report were analyzed
for the selected meteorological stations in the Almaty region.

Results and discussion. Global warming and climate change have significantly
affected the Almaty region of Kazakhstan. Observable climate changes can lead
to severe consequences such as drought, shifts in vegetation structure, and threats
to biodiversity. Changes in global air temperature and climate models are already
posing risks to agricultural systems and human settlements. These risks include an
increase in the frequency of extreme heat events, greater variability in precipitation,
an increase in hazardous weather phenomena, and rising sea levels. Given the
importance of temperature and precipitation as key climate factors, the long-
term dynamics of these elements were analyzed for the Almaty, Kogaly, Kuigan,
Zharkent, and Mynzhylky meteorological stations over the period from 1937 to
2024 (Figures 2, 3).
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Figure 2. Dynamics of air temperature changes in Almaty region (1937-2024)
*1 - Kuygan, 2 - Zharkent, 3 - Almaty, 4 - Kogaly, 5 - Mynzhylky

According to the study by K.K. Duskaev et al., the average annual air temperature
at the Almaty meteorological station was 9.0°C in 1935-1944, rising to 10.7°C in
2005-2014 (Duskaev et al., 2018).

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 (Litvinova et al., 2010).

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

Ne | Global |Kazakhstan | Almaty Average annual air Average annual air temperature
(since region temperature anomaly | anomaly averaged across
1850) (1941-202) | 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 2019 1983 2002 1,8 1,8

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

5 2015|2021 2021 1,6 1,7

6 2021 2002 2015 1,6 1,6

7 2018 2004 2008 1,5 1,6

8 2014 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.

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 10,3 1,1 1,0 2,4
Zharkent -0,7 -1,2 -0,3 -0,7 0,3 0,40 |1,1 0,9 2,3
Almaty 03 0,8 05 [-08 02 00 |10 1,1 22
Kogaly -0,2 -0,5 -0,4 -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.

The least noticeable temperature changes were recorded at the Kogaly and
Mynzhylky stations. This is due to their higher elevation in mountainous areas,

where air temperatures tend to be more stable.
Table 4. Precipitation variations in different periods
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Precipitation variations in different periods, mm
Station 1937- | 1947- | 1957- [1967- |1977- |1987- |1997- 2007- 2017-

1946 |1956 |1966 [1976 |[1986 |[1996 |2006 2016 2024
Kuigan -0,3 0,0 -0,5 0,9 0,0 -1,1 0,2 1,8 -1,6
Zharkent -2,5 -1,2 10,3 -0,2  |-1,1 1,8 1,6 2,0 -1,5
Almaty -5,3 -3,2 13,9 34 1,2 -1,6 5,5 5,6 -5,5
Kogaly -6,3 -04  [1,1 1,0 -3,2 4,9 2,2 3.4 -5,5
Mynzhylky  |0,1 2,4 53 -2,8  [-3,8 0,0 3,1 -0,1 -7,6

According to Table 4, the annual average precipitation levels in the Almaty region
from 1937 to 2021 did not show a clear trend, with both increases and decreases
fluctuating significantly. During the period from 1997 to 2016, all analyzed stations
recorded an increase in precipitation ranging from 0.2 to 5.6 mm. However, in
the most recent period from 2017 to 2024, a decreasing trend in precipitation
(1.6-7.6 mm) was observed across all stations. According to Kazhydromet data,
precipitation shortages (30—40%) were recorded in the western and southern
regions of Kazakhstan.

One of the main objectives of many environmental monitoring programs is to
identify changes or trends in the concentration of various components over time.
In Kazakhstan, statistical indicators related to these trends can be studied in more
detail. These include basic correlation and regression analysis, time series analysis,
and methods based on non-parametric statistics.

The Mann-Kendall (MK) test (Mann, 1945; Kendall, 1975; Gilbert, 1987) is
used to statistically determine whether a variable of interest exhibits a monotonic
increase or decrease over time. A monotonic trend, whether linear or not, indicates
a consistent increase or decrease in the variable over time. Instead of performing
parametric linear regression analysis to determine whether the slope of the
regression line is significantly different from zero, the MK test can be used. The
Mann-Kendall test is a widely applied non-parametric test for detecting time trends.
However, the standard p-values obtained from this test are constructed based on the
assumption of independence among observations (as the Kendall theory is based
on correlation).

The results of the Mann-Kendall trend test are presented in Tables 4 and 5.

Table 5. Air temperature trend analysis using the Mann-Kendall Test
Month Kuigan Zharkent Almaty Kogaly Mynzhylky
z-stat | p-value |z-stat |p-value |z-stat |p-value |z-stat | p-value |z-stat | p-value
January 1.809 | 0.070 3.515 ]0.0004 3.302 |0.0009 1.056 |0.291 2.145 10.0319
February |2.466 |0.014 3.846 |0.0001 3.821 [0.0001 1.298 |0.194 1.914 ]0.0555
March 2.888 |0.004 4.096 |0.00004 |3.941 |0.00008 |2.560 |0.009 3.739 10.0002

April 4.067 | 0.00004 |3.555 |0.0004 3.667 |0.0002 3.267 |0.001 3.509 |0.0005
May 2.968 |0.003 2.589 10.0096 2.741 |0.0061 1.832 |0.067 2.975 10.0029
June 4.703 10.000003 |4.654 |0.000003 |4.720 |0.000002 |4.332 |0.00001 |5.698 |0.00000001
Jule 3.377 | 0.0007 2.716 |0.0066 3.258 [0.0011 1.999 |0.045 3.969 |0.00008

August 4.369 | 0.00001 |2.104 |0.0354 2.568 |0.0102 1.898 |0.058 3.945 10.00008
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September |3.369 | 0.0008 3.120 ]0.0018 2.720 |0.0065 1.897 |0.058 3.781 |0.0002
October 3.729 10.0002 3.228 ]0.0012 2.362 |0.018 2.503 10.012 2.767 |0.0056
November |3.169 |0.002 4.189 10.00002 |3.547 |0.0004 2.747 10.006 | 4.211 |0.00003
December |1.773 |0.076 2.566 |0.0103 2.754 10.0059 1.348 |0.178 2.838 |0.0045

Table 5 presents the results of the Mann-Kendall test, which examined
temperature trends in the southeastern region of Kazakhstan from 1937 to 2024.
Significant trend variations were observed in March, June, August, and September
across the meteorological stations in Almaty, Mynzhylky, Zharkent, Kogaly, and
Kuigan.

The Mann-Kendall test results indicate that warming during the spring and
autumn months is evenly distributed across the Almaty region (Talipova et al.,
2021). According to the non-parametric Mann-Kendall test, the Z statistic reached
5.698 at the Mynzhylky station in June. At the Almaty and Kuigan stations, the trend
lines in June showed values of 4.654 and 4.703, respectively. The most significant
warming was recorded at the Mynzhylky station during the summer months.

Table 6. Precipitation trend analysis using the Mann-Kendall Test
Month Kuigan Zharkent Almaty Kogaly Mynzhylky
z-stat | p-value | z-stat | p-value | z-stat | p-value | z-stat | p-value | z-stat | p-value
January [0.245 [0.806 |0.155 |0.877 [0.962 [0.336 |1.211 |0.226 |-0.483|0.629
February [0.757 [0.449 |1.546 |0.122 |2.717 |0.007 |2.137 |0.033 |1.507 |0.132
March 0.919 [0.358 |[1.067 [0.286 |0.987 [0.323 |1.287 |0.198 [-0.105|0.917

April -0.39610.692 |1.279 10.201 [0.937 [0.349 [0.951 [0.341 |-0.3780.705
May 0.303 10.762 10.029 10.980 [-0.551]0.581 |-0.894[0.371 [-1.5640.118
June -0.86910.385 |-0.278]0.781 |-1.114[0.265 [-0.263[0.792 |0.306 |0.759
Jule 1.673 10.094 [1.045 {0.296 |0.378 [0.705 |0.638 |0.524 |-0.584]0.559

August 0.779 10.436 ]0.274 10.784 [0.843 [0.399 [0.919 [0.358 |-0.768 |0.443
September | -0.682 [ 0.495 [ 1.362 |0.173 |-0.083]0.933 [-0.533]0.594 [0.382 |0.702
October  |0.890 [0.373  [2.209 |0.027 ]0.039 [0.968 [0.861 |0.389 [0.923 |0.356
November [0.083 [0.934 |1.474 |0.140 |[-0.065[0.948 |1.171 |0.241 |-0.800|0.424
December |-1.842 [0.065 [0.797 [0.426 |1.132 [0.258 [0.609 |0.542 [0.018 |0.985

According to Table 6, the Mann-Kendall test was used to analyze precipitation
trends in the southeastern region of Kazakhstan from 1937 to 2024. The non-
parametric Mann-Kendall test showed that the Z statistic reached 2.717 at the
Almaty station in February, while in Kogaly and Zharkent, the trend values were
1.546 and 2.137, respectively. However, no significant overall trend changes in
precipitation were observed. Long-term annual precipitation changes exhibited
both positive and negative trends, with a noticeable decline in precipitation during
August and September at the analyzed meteorological stations.

Meteorological data is collected, processed, and analyzed to monitor climate
change trends. In line with modern requirements, meteorological data processing
has been simplified and is now carried out with the help of specialized software.
The ClimPACT software uses daily weather data as a basis for calculating climate

234



ISSN 2224-5278 4.2025

indices, ensuring data consistency and quality control. Several methods are available
for verifying data homogeneity, with the RHTest software being a recommended
open-access and user-friendly tool. To compute all ClimPACT indices, time series
of daily minimum temperature (TN), daily maximum temperature (TX), and daily
precipitation (PR) are required.

Table 7. Key ET-SCI Indices (according to the 2011 decision)

Abbreviated | Full name Description Unit | Sector

Tame

TXx max TX Warmest daily TX °C | AFS
absolute maximum

TNn min TN Coldest daily TN °C | AFS
absolute minimum

TXge35 very hot days number of days per year with maximum |day |H, AFS

daily temperature TX> 35 °C
TNItm20 TN below -20 °C | Number of days with TN<(-20) °C day |H, AFS

According to Table 7, the characteristics of ClimPACT indices and their
application across economic sectors are presented. These sectors include H
(Healthcare) and AFS (Agriculture and Food Security).

Using ClimPACT indices, an analysis was conducted based on data from the
Almaty BGM meteorological station. The study examined the absolute maximum
and minimum values of daily temperatures, as well as the number of days per year
when:

* The daily maximum air temperature exceeded TX > 35°C

* The daily minimum air temperature dropped below TN < -20°C

The results of these analyses are illustrated in Figures 3—6.

Station: ALMATY_OGMS [43°N, 76°E]

i tged s, Anneal number of daye whin TH w= 35 degroas_C
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Figure 4. TXge35 Index at Almaty BGMS meteorological station
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Station: ALMATY_OGMS [43°N, 76°E]
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Figure 5. TXx Index at Almaty BGMS meteorological station

Figure 4 presents the number of days per year with a daily maximum air
temperature exceeding TX > 35°C at the Almaty BGM meteorological station from
1937 to 2024, as calculated using the ClimPACT software. In recent years, the
number of days with TX > 35°C has increased, reaching 20 days in 2023. Figure
5 displays the absolute maximum values of daily maximum temperatures recorded
at the Almaty BGM meteorological station from 1937 to 2024 using the ClimPACT
software. During this period, the absolute maximum temperature fluctuated
between 34°C and 42°C, with the highest recorded value of 43°C in 1983.

The warm season of 2021 was characterized by exceptionally high daily
maximum temperatures. Across Kazakhstan, temperatures exceeded 30°C and
35°C (except in mountainous regions). In southern regions, the number of days
with temperatures above 35°C (TXGE35 index) ranged from 80 to 120 days.
In 2021, the daily maximum temperature (TXx index) reached 36—40°C in northern,
northeastern regions, and the western part of the Karaganda region. In other areas
(excluding mountainous regions), maximum temperatures exceeded 40°C, while in
some western and southern regions, temperatures exceeded 45°C.
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Station: ALMATY_OGMS [43°N, 76°E]
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Figure 6. TNItm20 Index at Almaty meteorological station
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Figure 7. TNn Index at Almaty meteorological station
Figure 6 presents the number of days per year with a daily minimum air

temperature below TN < -20°C at the Almaty meteorological station from 1937
to 2024, as calculated using the ClimPACT software. In the last three years
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(2020-2022), the number of days with temperatures below -20°C dropped to zero,
which can be considered a clear indicator of global warming. Figure 7 displays
the absolute minimum values of daily minimum temperatures recorded at the
Almaty meteorological station from 1937 to 2024 using the ClimPACT software.
The absolute minimum temperatures fluctuated between -35°C and -15°C, with
recent years showing a trend where the absolute minimum has not dropped
below -25°C. In January 2021, typically the coldest month of the year, significant
negative anomalies were recorded in northern and northeastern Kazakhstan. The
daily minimum temperature (TNn index) dropped to -35°C to -40°C, and in some
locations, it fell below -43°C.

In the context of global climate change, forecasting future climatic conditions is
crucial for adaptation and mitigation of its consequences. Various socioeconomic
development scenarios, developed within the framework of the Shared
Socioeconomic Pathways (SSP) programs, are used to assess potential climate
changes. These scenarios include different greenhouse gas emission trajectories
based on assumptions about demographic growth, economic development,
technological progress, and environmental policy. The Sixth Assessment Report
of the Intergovernmental Panel on Climate Change (IPCC) plays a crucial role in
understanding future climate change and its potential impacts. This report examines
various scenarios that outline possible pathways for societal and economic
development, as well as their effects on the climate. Shared Socioeconomic
Pathways (SSP) scenarios serve as a fundamental tool for modeling and analyzing
climate change. This scientific study considers four key scenarios: SSP1, SSP2,
SSP3, and SSP5.

SSP1-2.6
Period: 2081-2100
Baseline: 1961-1990

Period: 2081-2100
Baseline: 1961-1990

Figure 8. Changes in air temperature and precipitation under the SSP1-2.6 scenario

Figure 8 illustrates the SSP1-2.6 scenario, which aligns with sustainable
development goals and presents an optimisticoutlook on temperature and
precipitation changes. In this scenario, the maximum temperature increase is
projected at the Kuigan station, reaching up to 2.8°C, while at the remaining stations,
temperature changes are expected to range between 2.5°C and 2.6°C. A rising trend
in precipitation is observed, with an expected increase of 11.2% to 14%.
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SSP2-4.5 SSP2-4.5
Period: 2081-2100 Period: 2081-2100
Baseline: 1961-1990 Baseline: 1961-1990

Figure 9. Changes in air temperature and precipitation under the SSP2-4.5 scenario

Figure 9 illustrates the SSP2-4.5 scenario, which assumes that socio-economic
development will continue at a steady pace without significant disruptions.
Under this scenario, air temperature is expected to increase by 3.8-4.2°C, while
precipitation levels are projected to rise by 18.2-21.9%.

SSP2-4.5 =,
Period: 2081-2100 if:iu'gosl-zm
Baseline: 1961-1990 Baseline: 1961-1990

Figure 10. Changes in air temperature and precipitation under the SSP3-7.0 scenario

The SSP3 scenario is characterized by regional conflicts and high levels of
competition, leading to a lack of global cooperation and scientific progress.
According to this scenario, air temperature could rise to a maximum of 5.7°C at
the Kuigan station, while the Kogaly station may experience the highest increase in
precipitation, reaching 25.6%.

SSP2-4.5
Period: 2081-2100
Baseline: 1961-1990

Figure 11. Changes in air temperature and precipitation under the SSP5-8.5 scenario
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The SSP5 scenario represents a future of high economic growth driven by
intensive fossil fuel consumption. Under this scenario, the maximum temperature
increase is projected to reach 7.2°C at the Kuigan station, while at other stations,
temperatures may fluctuate between 6.8°C and 7.2°C. A significant increase in
precipitation is also expected, ranging from 22.1% to 27.3%.

Conclusions. Based on an analysis of temperature and precipitation data from
the Kogaly, Kuigan, Zharkent, Mynzhylky, and Almaty meteorological stations in
the Almaty region of Kazakhstan from 1937 to 2022, the following conclusions
were drawn:

The ranked series of annual mean temperature anomalies from 1937 to 2024
shows that the ten warmest years on a global scale have all occurred within the last
century, with this trend being particularly evident in Kazakhstan.

The warmest decades have been observed in the last 30 years, with temperature
increases ranging from 0.8°C to 1.5°C, particularly noticeable at the Almaty station.

The Mann-Kendall test was used to assess the normality of temperature and
precipitation trends. The results indicate that temperature trends exhibit significant
changes during the warmer months, while precipitation trends have remained
relatively stable.

Climate indices calculated using the ClimPACT software show that the number
of days with a maximum temperature above 35°C (TXge35 index) has increased
to 20 days, while the number of days with minimum temperatures below -20°C
(TNItm20 index) has decreased.

The IPCC Sixth Assessment Report suggests that the future trajectory of climate
change depends heavily on the chosen socio-economic development pathway. The
SSP scenarios provide essential insights for decision-making and the development
of climate mitigation and adaptation strategies. Depending on the selected economic
scenario, temperature increases could range from 2.5°C to 7.2°C.and increase the
effectiveness of measures to predict and reduce damage from possible earthquakes.
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