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Abstract. The Caspian Sea, the world's largest landlocked water body, is experiencing
unprecedented water level decline driven primarily by climate change. This review synthesizes recent
scientific evidence on the causes, consequences, and projected impacts of this environmental crisis.
Analysis of satellite data reveals that water levels have declined by approximately 2 meters since 1996,
with rates accelerating to 30 cm per year since 2020. Climate modeling projects potential declines of 9
to 21 meters by 2100 under medium to high emission scenarios, which would result in complete
desiccation of the northern Caspian basin and conversion of up to 143,000 km? of water to land. Such
declines critically threaten endemic species including the endangered Caspian seal (Pusa caspica) and
six sturgeon species, while potentially reducing marine protected area coverage by up to 94%. Coastal
communities, industrial infrastructure, and fisheries face billions of dollars in economic losses. The
review identifies increased evaporation driven by rising temperatures as the primary driver, with
anthropogenic water abstraction and dam construction on the Volga River exacerbating natural
fluctuations. Effective mitigation requires adaptive, dynamic conservation planning, transboundary
cooperation, and immediate policy interventions to protect both biodiversity and human livelihoods.
The findings emphasize the urgent need for coordinated international action to address this
environmental catastrophe, which serves as a critical test case for managing climate change impacts on
major landlocked water bodies worldwide.
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Introduction

The Caspian Sea represents a unique and globally significant inland water body, covering
approximately 387,000 km? and containing about one-third of Earth's inland surface water. Located at
the crossroads of Europe and Asia, it is bordered by five countries: Kazakhstan, Russia, Turkmenistan,
Iran, and Azerbaijan. This enclosed basin supports extraordinary biodiversity, including more than 300
endemic invertebrate species, 76 endemic fish species, and the endemic Caspian seal, along with
globally important populations of migratory birds [1, 2].

The Caspian Sea's water level has historically fluctuated in response to climatic variations, with
regressions of up to 90 meters and transgressions of 50 meters during the Quaternary period [3].
However, the current declining trend represents an unprecedented challenge in the context of
anthropogenic climate change. Recent observations indicate an alarming acceleration in water level
decline. Since the mid-1990s, radar altimetry data show consistent dropping water levels, with decline
rates of 6.07 = 0.26 cm per year between 2002 and 2015 [4], accelerating to as high as 30 cm per year
since 2020 [5]. In July 2025, the Caspian Sea reached its lowest recorded level in the era of
instrumental measurements, falling to less than 29 meters below sea level.

The fundamental mechanism driving current water level decline is climate change-induced
imbalance between water inputs and evaporation. Rising surface temperatures have significantly
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increased evaporation rates while precipitation and river discharge have decreased [4, 6]. Studies
demonstrate that half of the water level decrease results from increased evaporation, with the remainder
caused by lack of precipitation and reduced discharge from inflowing rivers. The Volga River, which
accounts for approximately 80% of total water inflow into the Caspian Sea, plays a critical role in the
sea's water balance [7, 8].

This review aims to: (1) synthesize current scientific understanding of the causes and
mechanisms driving Caspian Sea level decline; (2) evaluate documented and projected impacts on
ecosystems, biodiversity, and human infrastructure; (3) assess vulnerabilities of current conservation
measures; and (4) identify critical research gaps and policy recommendations for effective mitigation
and adaptation strategies.

Materials and Methods of Research. A comprehensive literature search was conducted using
Web of Science, Google Scholar, and specialized databases for the period 2015-2025. Search terms
included combinations of "Caspian Sea," "water level decline," "sea level change," "climate change,"
"biodiversity," "ecosystem," "conservation," and "infrastructure." Priority was given to peer-reviewed
articles published in high-impact journals, particularly recent studies utilizing advanced climate
modeling (CMIP6 projections) and remote sensing data.

Primary sources included: (1) Climate modeling studies projecting future water level scenarios
[9, 6]; (2) Remote sensing and satellite imagery analyses documenting coastline recession [10, 11]; (3)
Ecological assessments of biodiversity impacts [1, 2]; (4) Bathymetric projection studies evaluating
spatial impacts on protected areas and infrastructure [10]; and (5) Reports from international
organizations including UNEP, IUCN, and the Convention on Biological Diversity.

The review employs an IMRAD structure to systematically present findings. Climate
projections are evaluated across multiple emission scenarios (SSP245, SSP585) using CMIP6 model
outputs. Ecosystem impacts are assessed through spatial analysis of Ecologically or Biologically
Significant Areas (EBSAs), Important Marine Mammal Areas (IMMAs), and World Database on
Protected Areas (WDPA) designations. Infrastructure vulnerability is quantified through geographic
information system (GIS) analysis of settlement locations, port facilities, and industrial installations
relative to projected shoreline changes.

Research Results. Observed Water Level Changes and Coastline Recession. Analysis of long-
term water level records reveals distinct phases of Caspian Sea level fluctuation throughout the 20th
and early 21st centuries. Between 1940 and 1977, the sea level fell by an average of 4 cm per year,
totaling 1.2 meters [12]. A period of rising water levels followed from 1978 to 1995, increasing by 13
cm annually for a total gain of 2.5 meters. However, since 1996, the sea has again declined, losing 8 cm
per year for a total decrease of 1.83 meters by 2023 [13] . See Figure 1.

Satellite observations provide critical documentation of recent accelerated decline. NASA
Worldview satellite imagery comparing 2001 to 2024 shows dramatic coastal recession in the
northeastern Caspian Sea. Within a focal study area of 21,901 km?, water coverage decreased from
15,194 km? in 2001 to 8,183 km? by 2024, representing a 46% reduction [10]. The coastline receded by
more than 56 kilometers over this period. In some areas along the northeastern coast, the shoreline has
retreated by 30-35 kilometers, severely impacting ecologically significant areas and seal habitats [13].
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Historical Water Level Fluctuations of the Caspian Sea (1900-2025)
Showing Periods of Decline and Rise with Accelerated Recent Decline

-30

2025 Record Low
—O— Caspian Sea Level Moderate Decline (1896-2019) -29.1m below MSL
Decline Period {1940-1977) Accelerated Decline (2020-2025) . .
Rise Period (1978-1395) — — 1977 Record Low (-29m) jiet Era Climate Change
nstruction Acceleration

e R b e« et e e S

Water Level (meters below mean sea level)

=27
—-26
DECLINE RISE DECLINE
-4 cm/jyear +13 cm/year -8 cm/year
Total: -1.2m Total: +2.5m Total: -1.83m | [(ACCELERATED
= = DECLINE
_25 -30 cm/year
1900 1920 1940 1960 1980 2000 U0
Year

Figure 1. Historical water level fluctuations of the Caspian Sea (1900-2025)

Climate Modeling Projections. Multiple climate modeling studies utilizing CMIP6 projections
consistently predict substantial future declines in Caspian Sea level. Samant and Prange [6] analyzed
15 coupled climate models across three shared socioeconomic pathways, projecting climate-driven sea
level reductions of approximately 8 meters (inter-model range 2-15 meters) under the SSP245 scenario
and 14 meters (inter-model range 11-21 meters) under SSP585 by 2100. Koriche et al. [9] found that
accounting for human water extraction adds up to 7 meters of additional water loss beyond climate-
driven decline. How it shown in Fig.2, models predict that even under optimistic emission scenarios
limiting global warming to below 2°C, water levels will likely decline by 5-10 meters, with declines of
up to 21 meters possible under high emission scenarios [14].

Projected Caspian Sea Level Decline Scenarios to 2100
Based on CMIP6 Climate Models
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Figure 2. Projected Caspian Sea level decline scenarios to 2100
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Impacts on Ecosystems and Biodiversity. The northern Caspian basin, characterized by
extremely shallow bathymetry with average depths of only 5-6 meters, is exceptionally vulnerable to
water level decline. Bathymetric projections indicate that a 5-meter decline would result in
approximately 77,000 km? (20% of current sea surface) transitioning from water to land, with the
northern basin experiencing the most dramatic changes [10].

The Komsomol Bay Ecologically or Biologically Significant Area (EBSA), recognized as an
important spring molting site for Caspian seals, provides a stark example of ecosystem loss. By 2024,
most of this area had become completely desiccated, forcing seals to shift to newly emergent islands to
the north, though at lower densities than previously observed [10]. The endangered Caspian seal (Pusa
caspica) faces existential threats from habitat loss. Projections indicate that a 5-meter decline could
reduce the breeding Important Marine Mammal Area (IMMA) by 57-81% [10].

Six species of Caspian sturgeon, all critically endangered, face additional pressure from
declining water levels. Summer and autumn sturgeon ranges could experience 25% reduction with a 5-
meter decline and 45% reduction with a 10-meter decline [10].

Reduction of Protected Areas and Conservation Designations. Spatial analysis of marine
conservation designations reveals catastrophic potential losses. Under a 5-meter decline scenario, 7 of
15 EBSAs would experience proportional coverage reductions exceeding 50%, with 4 completely
desiccated [10]. Current marine protected area coverage stands at 16.8% of the Caspian Sea extent.
However, this would decline precipitously to 7% under a 5-meter scenario and just 1% under a 10-
meter decline [10]. Coastal terrestrial protected areas would experience multi-kilometer increases in
distance to shore.

Infrastructure and Socioeconomic Impacts. Major Caspian ports critical for international trade
face severe operational challenges. Under a 10-meter decline scenario, Baku, Anzali, and Aktau would
experience increases in distance to shore of 1 kilometer or more [10]. Offshore hydrocarbon production
facilities in the northern Caspian, including the Kashagan and Filanovsky oil fields, face becoming
landlocked under 5-to-15-meter declines. Industrial fishing for kilka would lose at least one major
fishing ground under declines above 5 meters [10]. For coastal communities, particularly in Kazakhstan
and Russia, settlements would experience mean increases in distance to shore of 44-89 kilometers
under a 10-meter decline scenario [10]. More than 15 million people live around the Caspian coast [15],
with livelihoods deeply connected to the sea.

Conclusion. The Caspian Sea is experiencing a climate change-driven environmental crisis of
unprecedented scale. Water levels have declined approximately 2 meters since 1996, with rates
accelerating to 30 cm per year since 2020. Climate modeling consistently projects further declines of 9-
21 meters by 2100 under medium to high emission scenarios, threatening complete desiccation of the
northern basin. These changes will have catastrophic impacts on biodiversity, with the endangered
Caspian seal facing potential loss of 57-81% of breeding habitat and six sturgeon species losing critical
areas. Marine protected area coverage could decline from 16.8% to just 1% under conservative
scenarios. Economic impacts will be measured in billions of dollars annually.

Effective response requires immediate, coordinated action: implementation of adaptive
conservation planning; enhanced transboundary cooperation through strengthened legal frameworks;
comprehensive monitoring systems and research programs; proactive planning for infrastructure
adaptation and community support; harmonized water management across the Volga River basin; and
sustained political commitment to environmental sustainability. The fate of the Caspian Sea serves as a
critical test case for global capacity to address climate change impacts on major landlocked water
bodies. Success requires recognition that the scale of anticipated disruption merits international
attention beyond the five littoral states.
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KACIU TEHI3IHIH CY JEHTEAIHIH TOMEHJEYI: KJIUMATTBIK
OCEPJIEP/IIH SKOKYWEJEPTE, BHOOPTYPILIIKKE JKOHE HHOPAKYPBLIBIMFA
YKATIITAI OCEPIHIH IOJIYBI

Dadrasnia A.
Buk Yuusepcureri, bapcenona, Mcnianus
e-mail:are.dadrasnia@gmail.com

Anparna. Kacnuit TeHi3i, onemueri €H YJIKEH TYHBIK Cy KeJjeMl peTiHAE, KIUMAaTThIK
e3repicTepIiH 9CepiHeH Cy JACHTeWiHIH TOMEHIeYiH OacTaH eTKepyzae. by momny 3epTTey KIMMaTThIK
e3repicTepiH cebenTepi, cangapbl >kKoHE OOJDKaMIbl ocepiiepi Typajiabl FBUIBIMHU JQJICACMENep/Il
kuHaKTaiapl. CepikTik AEpeKTepAiH Tanjgaybl KepceTkeHaed, cy neHreii 1996 xpuiman Oacram
mamaMeH 2 Mmetpre Temenzaeni, an 2020 xpurgan 6actamn butbiHa 30 CM KBUIIAMABIKIEH TOMEHICY
KbUTIAMIBIFBl apTThl. KnumatTeik mMoaensaey 2100 xpUiFa Kapall opTalia jKoHE KOFaphl AMUCCHUSA
cueHapuiiiepi OoiibiHma 9-man 21 Merpre fAeiliHri cy AeHreifiHiH TeMeHIeyiH Ookaiabl, Oy
Contycrik Kacnmii GacceiiHiniH TonblK KeOyiHe sxkoHe 143,000 xM? CyAblH KYpJIBIKKA aiHaIybIHA
oKelyl MYMKiH. MyHAail TeMmeHIey KayilTi TypJiepre, OHBIH imriHAe Karepae Typran Kacnuii
utoaneirbiHa (Pusa caspica) oHe anThl Oekipe TypiHE KaTep TOHIIpeNdi, COHBIMEH Oipre TeHi3
KOPBIKTApBIHBIH ~KaMTbUTyblH 94% neifiH  KpIcKapTybl MyMKiH. JKaramay KaybIMJacTBIKTaphl,
OHEPKACINTIK MH(PAKYPBUIBIM JKoHE OablK MIapyamlbUIbIFGl MAJUTHAPATAFAH JOJUIAp KOHOMUKAIIBIK
mblFbIHFa  yiibipaiael.  Lomy  TemmepaTypaHbIH — KOTEpUTyiMEH  KOpPEKTEHEeTiH  OylaHyablH
KOFapBUIAyBIH HETI3T1 KO3FayIllbl KYII PETiHJEe aHBIKTaWbl, al Bonra e3eHiHzmeri cy ainy xoHe Oerer
caly TaOWFM aybITKyJnapnabl KymedTteai. TuiMmal azaidTy OeWiMIeNnrill, ITWHAMUKAIBIK KOPBIKTHI
KOCIapJiayibl, TPAHCHICKAPAIBIK BIHTHIMAKTACTBIKTHI JKOHE OMOATyaHTYPJIIIKTI JKOHE ajgaM eMipiH
KOpFay YIIiH >KeZell casicaT apaiacylapblH KaXeT eTe/li.

Tyiiin ce3nep: Kacmmii TeHi3i; Cy neHrediHiH TeMeHAEYl; KIMMATTHIK ©3repicTep;
OMOOPTYPALIIKTI  CakTay, TEHi3  KOPBIKTapbl; OKOXKYHENIIK  KbI3METTEp;  TpaHCIIEKapaJbIK
BIHTBIMAKTACTHIK; Ka3zakcraH.

CHUKXEHUE YPOBHS BOJIbl KACIIMACKOI'O MOPS: KOMILJIEKCHBIA OB30P
KJIUMATHAYECKHNX BO3JENCTBUI HA DKOCUCTEMBbI,
BUOPA3ZHOOBPA3UE U HA UH®PACTPYKTYPY

Dadrasnia A.
Yuusepcuret Buk, bapcenona, Ucnanus
e-mail:are.dadrasnia@gmail.com

AnHoranus. Kacnmiickoe Mope, KpyNHEWINMH B MHUPE 3aMKHYTBIH BOJOEM, IEPEKHUBAET
OecrperieIeHTHOE CHI)KEHHE YPOBHSI BOJBI, BbI3BAHHOE B TEPBYIO OYepeIb W3MEHEHHEM KJIMMarta.
Jlanuelii  0030p o00o0OmIaeT TOCIeqHHE Hay4dHble JaHHbIE O MPUYMHAX, [OCIEACTBUAX U
MIPOTHO3UPYEMBIX BO3JIEHCTBUSAX O3TOT0 S3KOJIOTHUECKOro KpHu3uca. AHAIU3 CHYTHHUKOBBIX JaHHBIX
IIOKA3bIBAET, YTO YPOBEHb BOJbI CHHU3WICSA NPUMEPHO Ha 2 MeTpa ¢ 1996 ronma, mpu 3TOM TEMIIBI
cHkeHus1 yckopuauch 110 30 cm B rox ¢ 2020 roxa. Knumarndeckoe MOAETMPOBAHUE MPOTHOZUPYET
BO3MOKHOE CHIbKeHHue Ha 9-21 metp k 2100 rogy mpu cpelHUX U BBICOKHX CIEHAPHIX BHIOPOCOB, UTO
MPUBEJET K MOJHOMY BBICBIXaHUIO ceBepHOro Oacceiina Kacnuiickoro Mops u mpeBpatienuto a0 143
000 xM? Boxmbpl B cymly. Takoe CHM)KEHHE KPUTHMYECKH YIPOXKAET JHAEMUYHBIM BMJaM, BKJIIOYas
HaXOJSIIerocs TOJ Yrpo3oil Hcue3HOBeHHus Kacmuiickoro TrojieHs (Pusa caspica) um miectb BHJIIOB
OCETPOBBIX, IIPU 3TOM MOTEHIUAIIBHO COKpAIlasl IOKPBITUE MOPCKUX OXPAHAEMBIX TEPpUTOpUI 10 94%.
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[IpubpexxHple OOIMMHBI, MPOMBINIICHHAS WHOPACTPYKTYpa M PHIOOJOBCTBO CTAJKHBAIOTCS C
HSKOHOMHYECKUMH MOTEPSIMA B MUJUIMAPBI AossiapoB. O030p ompenensieT MOBBILICHHOE HCHapeHHe,
BBI3BAaHHOE POCTOM TEMIIEpaTyp, Kak OCHOBHOHM MBWXKYIIUH (DakTOp, MPH 3TOM aHTPOIIOTCHHBIN 3a00p
BOJIbI M CTPOMTEIHCTBO IUIOTHH Ha peke Bomra ycyryOinstor ectecTBeHHbIe KojeOanus. D dexkTuBHOe
cMsirdeHue TpeOyeT alanTHBHOTO, JMHAMUYHOTO TUIAHUPOBAHHS OXPaHBI IPUPOJIBI, TPAHCTPAHUIHOTO
COTPYAHHUYECTBA U HEMEUICHHBIX MOJIMTUYECKUX BMEIIATEIbCTB JUIS 3aIIUTHI KaKk OMopasHooOpasus,
TaK U CPEJICTB K CYIIECTBOBAHUIO JIFOJICH.

KawueBble cioBa: Kacnuiickoe Mope; CHUKEHHE YPOBHS BOJBI; W3MEHEHHME KIIMMATa;
COXpaHeHHE OHOPa3HOOOpa3Hs; MOPCKHE OXpPaHSEMbIC TEPPUTOPUHU; IKOCUCTEMHBIC YCIYTH;
TpaHCTpaHUYHOE COTpyAHNYECTBO; Ka3axcTaH.
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