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Abstract. This study was conducted to assess the impacts of hydrological variability and climate
change on river discharge within the Kura River basin. The analysis indicates that both annual and
seasonal flow regimes have undergone substantial alterations over recent decades, driven by rising
air temperatures, uneven spatial — temporal distribution of precipitation, and reductions in snowpack.
These changes have intensified the frequency and magnitude of hydrometeorological extremes—
particularly floods and droughts — thereby increasing the complexity of forecasting and water-
resource planning across the basin. The methodological framework integrates the Mann—Kendall
trend test, Sen’s slope estimator, and AutoRegressive Integrated Moving Average (ARIMA) time-
series modelling to detect long-term tendencies and quantify variability in streamflow dynamics. The
combined application of these statistical tools enables a robust evaluation of monotonic trends,
directional changes, and predictive behavior of discharge under changing climatic conditions. The
findings highlight that adaptive water management, enhanced regional monitoring, and ecosystem-
based approaches represent essential strategies for improving the sustainability and resilience of
water-resource governance in the Kura River basin. Strengthening these measures will contribute to
evidence-based decision-making and more effective responses to the growing challenges associated
with climate-induced hydrological shifts.

Aunomayus.  BBIIONIHEHa  OIEHKA  BIUSHUS — THAPOJOTHYECKOW  W3MEHYMBOCTH U
KJIMMaTUYeCKUX HM3MEHEHUH Ha peyHoM cToK B OacceifHe peku Kypbl. Pe3ynbraTel aHamusza
MOKa3bIBAIOT, YTO KaK TOJOBOM, TaKk M CE30HHBIH DPEXHM CTOKa MpEeTepread 3HauuTelIbHbIe
W3MEHEHHs 32 TIOCIETHHE NECATHJIETHS, YTO CBS3aHO C TIOBBIICHHEM TEMIIEpPaTyphl BO3IyXa,
HEPaBHOMEPHBIM IPOCTPAHCTBEHHO-BPEMEHHBIM PACTPEICTICHHEM OCAaJKOB M COKpalleHHEeM
CHEYKHOT'O TMOKPOBA. DTU TUAPOKIMMATHUECKUE MPeoOpa30BaHus MPUBEIU K YCUIICHUIO YaCTOTHI U
MHTCHCUBHOCTH OKCTPEMAJbHBIX THUIPOMETEOPOJIOTHUECKUX SIBIICHHH, TMpexae BCero, —
HABOJHEHMH M 3aCyX — YTO YCIOKHUJIO 33/1a41 THAPOJIOTHYECKOT0 IPOTHO3UPOBAHMS U YIIPABJICHUS
BOJHBIMH pECypcaMu B peruoHe. MeTOJOJOTHYECKHI TOIX0J OCHOBaH Ha WHTETPUPOBAHHOM
IIPUMEHEHNH TecTa TpeHaa Manna-KeHnamna, oneHkn ykiaoHa 1no CeHy M MOJEIMPOBAHHUSA
BpeMeHHBIX psgoB AutoRegressive Integrated Moving Average (ARIMA), 4To 103BOJISIET BBISIBIISITH
JOJTOBPEMEHHbIE TEHJEHIIMM M KOJMYECTBEHHO OLEHHBATh H3MEHYMBOCTh T'HMJPOJIOTMYECKUX
nporieccoB. COBMECTHOE MCIIOB30BaHUE JTaHHBIX METOJIOB 00ECIIEYNBACT HANIC)KHYIO OCHOBY LIS
BBISIBIICHUS MOHOTOHHBIX TPEHIIOB, aHajHM3a HANpAaBICHHBIX W3MEHEHHWH W TPOTHO3HPOBAHUS
JMHAMUKH CTOKA B YCIIOBUSX M3MEHsoIEerocs kiaumara. [lomyueHHble pe3yabTaThl MOAUYEPKUBAIOT
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HEOOXOJUMOCTb BHEJIPEHMs] aJaNTUBHOTO YIPABJIECHHS BOJAHBIMU pECypcaMu, YCHIICHUS
PErHOHAIBHOTO THAPOMETEOPOTIOTHIECKOT0 MOHUTOPUHTA ¥ TPUMEHEHHSI SKOCUCTEMHOT'0 TIOIX0/a.
OTu Mepbl SBISIOTCA KIIOYEBBIMM JUISl TIOBBIIIEHHWS YCTOWYMBOCTH, HAJAEKHOCTH U HAy4yHOU
00OCHOBAaHHOCTH YIPaBICHHS BOJHBIMH pecypcamMu B OacceiiHe peku Kypsl B ycrmoBusx
YCUJIMBAIOIIUXCS KIIMMAaTHYECKH 00YCIOBIEHHBIX THIPOJIOTHYECKUX U3MEHEHHI.

Keywords: Kura river, hydrological variability, climate change, extreme floods, water
resources.

Knrouesvie cnosa: PEKa Kypa, TUAPOJIOruucCKasds HU3MEHYUMBOCTb, HW3MCHCHHUC KJIMMAarTa,
OKCTPEMaAJIbHBIC HABOAHCHM A, BOJAHBIC PECCYPCHI.

The Kura River, as the largest river system in the South Caucasus, plays a strategic role in
shaping regional water resources, supporting agricultural water supply, and maintaining ecological
stability. The basin’s complex topography and climatic diversity contribute to pronounced spatial and
temporal variability in river discharge. Over recent decades, global and regional climate variability —
manifested through rising air temperatures, increasingly uneven precipitation patterns, and the
intensification of extreme hydrological events — has significantly modified the hydrological regime
of the Kura River.

International and regional assessments indicate that the mean annual temperature in the South
Caucasus has risen by approximately 0.3—0.5°C in recent decades, while precipitation has exhibited
increasing seasonal asymmetry [3, 7].

These hydro-climatic shifts have resulted in both reductions in annual and seasonal discharge
and an expansion of variability amplitudes within the Kura River basin. Consequently, uncertainty in
water-resource management has increased, creating a growing need for more advanced hydrological
forecasting methodologies.The objective of this study is to provide a multidimensional assessment of
hydrological variability in the Kura river basin by integrating the Mann-Kendall trend test [9],

Sen’s slope estimator [10], and ARIMA time-series modelling [1] to detect long-term changes

Xi—Xiy .
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j. Here, x; and x; represent the observed discharge values in corresponding years. The Mann-Kendall
test evaluates the statistical significance of monotonic trends using the Z-statistic and associated p-
values, allowing for the identification of increasing or decreasing tendencies within the flow series.
For hydrological time-series forecasting, ARIMA models account for autoregressive (AR),
differencing (I), and moving-average (MA) components simultaneously, enabling comprehensive
representation of discharge dynamics under non-stationary conditions [1].

The general form of the ARIMA model is expressed as: ¢(B)(1 — B)4X, = 6(B)s,.

Here, ¢(B) is the AR operator, 6(B) is the MA operator, and d denotes the order of differencing.
The integrated application of these statistical and stochastic approaches provides a robust framework
for accurately assessing hydrological variability and supporting scientifically grounded decision-
making in water-resource management across the Kura River basin.

in discharge dynamics. Mathematically, the Sen slope estimator is defined as:Q = median(

Materials and Methods
This study is based on a multicomponent dataset covering the period from 2017 to 2024, aimed
at quantitatively assessing hydrometeorological variability within the Kura River basin. The analysis
focuses on temporal changes in river discharge, seasonal fluctuations, and the statistical evaluation
of long-term trends. The methodological framework integrates trend-analysis techniques (the Mann-
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Kendall test [9] and Sen’s slope estimator [10]), time-series modelling (ARIMA) [1], and a
comprehensive suite of mathematical-statistical procedures.

Data sources: The datasets used in the research encompass the following core components:

Hydrological data (2017-2024): daily and monthly mean river discharge (m?/s) recorded at the
Mingachevir, Hacigabul, and Neftchala hydrological stations along the Kura River.

Meteorological data: precipitation (mm), mean air temperature (°C), maximum and minimum
temperature, and evapotranspiration indices.

Supplementary data: basin-scale landscape characteristics, land-cover information, and
indicators of anthropogenic influence, including irrigation areas, water abstraction rates, and reservoir
regulation effects.

Data pre-processing: During the preliminary data-processing stage, the datasets were evaluated
for homogeneity, missing values were corrected using standard gap-filling techniques, and
aggregation procedures (daily-to-monthly and monthly-to-seasonal scales) were applied. These steps
ensured the consistency and reliability of the hydrometeorological time series prior to statistical and
modelling analyses.

Research findings

The Kura River basin — also referred to in some sources as the Kura-Araz basin — is one of the
most significant transboundary hydrological systems in the South Caucasus and Western Asia.
Geographically, the basin encompasses the territories of four core regional states — Azerbaijan,
Georgia, Armenia, and Tiirkiye — along with a portion of the Islamic Republic of Iran. According to
various hydrological assessments, the total basin area is reported to range between 188,072 and
190,110 km?, highlighting its strategic importance for water-resource distribution, management, and
transboundary water governance across the region [2, 3, 8].

Available data indicate that approximately 65% of the basin area lies within the South Caucasus
countries. Within this distribution, Azerbaijan accounts for 31.5%, Georgia for 18.2%, and Armenia
for 15% of the total basin area. The remaining portion includes 19.5% located within Iran and 15.1%
within northeastern and eastern Tirkiye. These proportions underscore the critical socio-economic,
ecological, and hydrometeorological significance of the Kura River basin for the countries of the
region [7, 8].

From a geographical standpoint, the basin spans diverse orographic zones of the Caucasus
mountain system, including high-mountainous terrains, mid-altitude plateaus, and lowland valley
systems. The basin originates in the mountainous areas of northeastern Tiirkiye, extends across central
and eastern Georgia, and covers the entirety of Armenia. Furthermore, the northwestern part of Iran
and more than half the territory of Azerbaijan fall within the hydrological boundaries of the basin.
Such a broad spatial domain results in pronounced spatial and temporal variability in hydrological
processes, necessitating multilayered and institutionally coordinated approaches to water-resource
management. The transboundary nature and geographic complexity of the Kura River basin require
a specialized analytical framework for assessing climate-related risks, anthropogenic pressures on
water resources, and ecosystem resilience. These characteristics position the basin as one of the most
critical areas in the South Caucasus in terms of water policy, hydrological research, and
environmental security (Figure).

Climatic factors. The climate of the Kura River basin is characterized by high spatial
heterogeneity, ranging from subtropical lowlands to cold mountainous zones, which exerts a strong
influence on hydrological processes. While the majority of the basin falls within semi-arid and dry
subtropical zones, the high-altitude regions of the Greater and Lesser Caucasus Mountains exhibit
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cold and humid climatic conditions. These variations critically determine the sources of river
discharge, seasonal flow variability, and the mechanisms of water-resource formation [2, 7].
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Figure. The Kura river basin [2]

Mean annual temperatures range from 12—15°C in the lowland plains to below —2°C in the high
mountainous regions. Long-term trend analyses of air temperature indicate a pronounced warming
tendency, particularly during spring and summer months, which contributes to increased
evapotranspiration and potential water loss. Annual precipitation exhibits substantial spatial
variability, ranging from 200 mm to 1700 mm, with maximum rainfall occurring on the southern
slopes of the Greater Caucasus and minimum precipitation observed in the Kura-Araz lowlands [3].

The uneven distribution of precipitation, coupled with snowmelt during spring and summer,
plays a decisive role in shaping river discharge. Snowpack intensity and persistence in mountainous
areas are key regulatory factors for the basin’s annual hydrological regime. In recent decades,
decreases in both snow depth and duration have been observed, a trend that has been attributed to
climate change impacts. Evaporation and aridity indices (including Al and PET indicators) suggest
that a large portion of the basin is prone to water scarcity, and this vulnerability is further exacerbated
under conditions of ongoing climate variability [7, 8].

Hydrological processes. The hydrological system of the Kura River basin is shaped by the
complex interactions of multiple processes. River discharge is primarily influenced by both snowmelt
and precipitation, exhibiting pronounced seasonal variability. In mountainous regions, snowmelt
during spring and summer contributes significantly to streamflow, whereas in lowland areas,
discharge is predominantly rainfall-driven, peaking during autumn and winter. This dual source of
water results in the formation of two primary peak periods in the annual hydrograph of the Kura River
(3, 8].

The structure of the river network also exerts a substantial influence on the hydrological regime.
Major tributaries — including the Alazani, lori, Tartar, Qanikh, Araz, and others — play a critical role
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in shaping the basin’s flow dynamics. Seasonal variability in discharge and the basin’s complex
topography constitute key challenges for effective water-resource management [8].

Within the hydrometeorological context, both surface runoff and groundwater recharge are
essential components. In recent years, short-duration, high-intensity precipitation events in high-
altitude zones have led to an increased frequency and magnitude of flash floods. Enhanced convective
activity and atmospheric instability have further contributed to the occurrence of extreme discharge
events [3, 7].

Conversely, hydrological droughts have emerged as a major concern for the basin. Analyses
using the Standardized Precipitation Index (SPI) and Standardized Precipitation Evapotranspiration
Index (SPEI) indicate that both meteorological and hydrological drought intensities have increased,
with river discharge in some years observed to be 20-40% below long-term averages. These
conditions not only amplify the natural variability of water resources but also pose significant threats
to the resilience of economic and ecological systems [9, 10].

Overall, the hydrological processes in the Kura River basin are governed by the combined
effects of climate, topography, geological structures, and anthropogenic activities. Recent changes in
these processes underscore the need for adaptive and scientifically grounded approaches to water-
resource management in the region [7, 8].

The impact of climate change on hydrological processes. Climate change has induced
multifaceted and complex alterations in hydrological processes within the Kura river basin. Observed
warming trends, spatially and temporally uneven precipitation, reductions in snow cover, and
increased evapotranspiration have significantly influenced both annual and seasonal river discharge
dynamics. Rising temperatures, particularly in high-altitude zones, have led to earlier snowmelt
relative to previous years, reduced snow reserves, and shortened the spring — summer peak-flow
period. These changes amplify interannual variability in river regimes and destabilize the timing of
water-resource formation [7, 8].

Variability in precipitation is another critical driver of hydrological dynamics. While relative
increases in rainfall have been observed during autumn and winter in recent decades, decreases in
spring and summer precipitation have expanded periods of hydrological drought. This effect is
especially pronounced in the southern and western parts of the basin, such as the Araz and Qanikh
sub-basins. Consequently, the frequency and intensity of drought events have increased, and the
number of years with below-average discharge has risen [3, 9].

Conversely, the intensification of convective activity and the rising frequency of extreme
rainfall events have substantially elevated flood and flash-flood risks. These events, particularly in
mountainous and piedmont areas, accelerate soil erosion, sediment transport, and channel
morphological changes. Climate change also affects groundwater recharge patterns; prolonged dry
periods reduce replenishment of aquifers, increasing the vulnerability of hydrogeological systems [8,
10].

Overall, climate change has impacted both the quantitative and qualitative aspects of
hydrological processes in the Kura river basin, increasing risks to water-resource management and
emphasizing the necessity for adaptive and evidence-based strategies [3, 7, 8].

Management and modeling. The intensification of climate variability has rendered water-
resource management in the Kura river basin a complex, multi-parametric challenge. Increased
hydrological variability, the accelerated occurrence of extreme events, and rising water demand
necessitate the modernization of management strategies and the implementation of evidence-based
decision-making mechanisms [7, 8].

One of the primary challenges in basin-scale water management is the transboundary nature of
water resources. Coordination limitations and uneven data exchange among Georgia, Azerbaijan,
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Armenia, Iran, and Tiirkiye complicate the effective regulation of river discharge. Under such
conditions, expanding regional hydrological monitoring networks, applying unified data standards,
and integrating real-time information systems are critical for enhancing management efficiency |3,
8].

Hydrometeorological modelling plays a pivotal role in planning water resources. Tools such as
Autoregressive Integrated Moving Average (ARIMA), Seasonal AutoRegressive Integrated Moving
Average (SARIMA), Hydrologic Engineering Center — Hydrologic Modeling System (HEC-HMS),
Soil and Water Assessment Tool (SWAT), and other physically-based and statistical models are
extensively used for short- and long-term river-flow forecasting. Accurate representation of
meteorological variables at high spatial and temporal resolution, together with high-quality
observational datasets, is essential for reliable model outputs. Integrated modelling approaches,
incorporating climate projections under Coupled Model Intercomparison Project Phase 6 (CMIP6)
frameworks and Representative Concentration Pathways/Shared Socioeconomic Pathways
(RCP/SSP) scenarios, provide more precise assessments of expected hydrometeorological changes
within the basin [1, 7, 8].

An adaptive management approach should serve as a cornerstone of water policy in the Kura
river basin. Key components include monitoring long-term water-balance trends, managing extreme
risks (floods and droughts), applying ecosystem-based management strategies, restoring water
infrastructure, and mitigating anthropogenic pressures. Furthermore, strengthening mechanisms for
equitable and sustainable transboundary water allocation is of strategic importance [9, 10].

In summary, under conditions of climate variability, effective management of the Kura river
basin requires a comprehensive approach based on multi-level monitoring, advanced modelling, and
regional cooperation. Implementing these strategies ensures water security, protects ecosystem
integrity, and supports long-term sustainable development in the basin [3, 7, 8].

Mann-Kendall trend test. The Mann-Kendall test is employed to detect the presence of
monotonic increasing or decreasing trends in time-series data. Being non-parametric, the test does
not require assumptions regarding the underlying distribution of the dataset [6, 9].

The test statistic S is computed as:

n—1 n (1)
S = Z z sgn (xj - xl-)
i=1  j=i+1
here,
+1, Xj — X >0 (2)
sgn (xj—x;)=40 x-x=0
-1, x] —x < 0
The standardized test statistic Z — is then calculated as:
_s-1 (3)
Jvar(s)’ $>0
Z = 0, S=0)
S+1
oy <0

Here, Var (S)denotes the variance of the statistic. The p-value is derived from the normalized
distribution of Z, and trends are considered statistically significant if p < 0.05 [6, 9].

Sen’s slope estimator. Sen’s method quantifies the magnitude of a monotonic trend, i.e., the
annual rate of increase or decrease. The slope between every pair of observations is calculated as:
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The overall trend @ —is defined as the median of all Q;jvalues:
Q = median(Q;;) (%)

Q > Oindicates an increasing trend. Q < Oindicates a decreasing trend. | Q | reflects trend
intensity. This method is robust against outliers and is widely applied in hydrology [6, 7, 9].

Time-series modelling (ARIMA). For short-term forecasting of river discharge, Autoregressive
Integrated Moving Average (ARIMA) models were applied. The general form of the model is:

ARIMA(p,d, q) (6)

here, p = order of the autoregressive (AR) component, d = degree of differencing (integration),
q = order of the moving average (MA) component [1, 8].

Model construction involves the following steps: Testing for stationarity (ADF test,
differencing); Determination of pand qusing ACF and PACF plots; Maximum likelihood estimation
of model parameters; Evaluation of forecast errors using RMSE, AIC, and BIC metrics.

ARIMA models provide high predictive accuracy for non-stationary flow series, particularly in
river basins sensitive to climate variability [1, 8, 11].

Annual and seasonal flow variability. The Kura river basin was analyzed for mean annual
discharge over the period 20172024. At the Mingachevir station, located in the upper reaches of the
Lower Kura, the highest mean annual discharge values were recorded (512 m?/s). At Hacigabul and
Neftchala stations, the corresponding mean annual discharges were 128 m?/s and 94 m?/s, respectively
[8, 11].

Seasonal flow variability is primarily influenced by snowmelt and spring — summer
precipitation. In the upper basin (Mingachevir), peak flows are observed during April — June, while
in the lower reaches (Neftchala), flood peaks during the summer are less pronounced, and discharge
reductions in autumn and winter appear relatively stable [8, 11].

Table
AVERAGE ANNUAL FLOW AND TREND INDICATORS
Station Mean annual discharge m*/sec Trend Sen slope m*/sec/year  Significance p
direction
Mingachevir 512 ! 2.3 0.02
Haciqabul 128 ! -0.7 0.05
Neftchala 94 ! -1.1 0.03

Trend analysis. Analysis using the Mann-Kendall test and Sen’s slope estimator indicates a
decreasing trend in annual discharge in the middle and lower reaches of the basin. The annual decrease
rates were estimated as -2.3 m?/s per year at Mingachevir, -0.7 m?*/s per year at Haciqabul, and -1.1
m?/s per year at Neftchala. The trends were statistically significant at p < 0.05, confirming that these
variations are not random. These findings reflect the long-term decline in mean and lower reach
discharges resulting from climate variability and anthropogenic impacts [6, 8-10].

Extreme events: floods and high-flow statistics. During 2017-2024, flood and high-flow events
were recorded throughout the Kura River Basin. The majority of extreme events occurred in spring
and summer, associated with snowmelt and intense convective precipitation.

The return period of extreme discharge events was estimated at 10-12 years for Mingachevir,
and 5-8 years for Haciqabul and Neftchala [5, §].
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The intensity of floods and high-flow events increased by 20-25% over the past five years.

These statistics highlight the impact of climate variability and anthropogenic pressures on
hydromorphological processes in the basin and underscore the necessity for adaptive and evidence-
based water-resource management strategies [8, 11, 12].
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Figure 2. Mean annual discharge at the lower reaches of the Kura river (m?/s) [8].

Conclusion

This study systematically and scientifically assessed the sensitivity of hydrological processes
in the Kura river basin to climate variability and climate change. Analyses indicate that both annual
and seasonal flow regimes have undergone significant alterations over recent decades. Increases in
air temperature, uneven spatial-temporal distribution of precipitation, reductions in snow cover, and
intensified evaporation have altered both the quantitative and qualitative parameters of hydrological
processes, increasing the variability of river discharge across seasons and in long-term regimes.
Extreme hydrometeorological events — particularly floods and droughts — have intensified in terms of
both frequency and magnitude, thereby elevating risks to hydrological security and water-resource
management [3, 7, 8, 11].

Under these conditions, the effectiveness of water management is directly linked to the accuracy
of forecasting models and the development of hydrological monitoring systems. The application of
ARIMA, SARIMA, SWAT, and integrated physical-statistical models supports both short-term and
long-term flow forecasting and enhances preparedness for extreme events [1, 4, 6, 8]. Adaptive
management approaches, ecosystem-based methods, and strengthened regional monitoring emerge
as essential strategies for the sustainable governance of water resources within the Kura river basin
[5, 8, 12].

Consequently, the development and implementation of effective adaptation strategies to climate
change ensure the resilience of hydrological systems, contribute to the conservation of regional
ecosystems, and enhance water security. These approaches not only reinforce evidence-based
decision-making but also play a strategic role in the sustainable management of transboundary water
resources [7, 8, 12].
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