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Abstract
Introduction: Dams are commonly designed under assumptions of stationarity and the ability of the system to
recover toward an equilibrium state. However, growing evidence shows that climatic and managerial pressures can
violate these assumptions, leading to nonstationary behavior. In recent literature, “stationarity failure” has been
used to describe the weakening of structural relationships among inflow, storage, and outflow—a condition in
which a system may lose its capacity to return to a previous equilibrium state. The Sefidrud Dam (nominal capacity
of approximately ~1,765 MCM) is a strategic infrastructure within the Sefidrud basin, playing a vital role in
agricultural water supply, flood control, and hydropower generation. It has faced concurrent pressures from
droughts, altered runoff patterns, and increasing downstream demands. Previous studies have been mostly
univariate (e.g., trend analysis of inflow or water level alone) and have therefore neglected the closed "inflow—
storage—outflow" cycle as a coherent dynamic system. This study focuses on three operational variables (inflow
IFR, storage RSV, outflow OFR) — excluding water level (RWL) due to its perfect collinearity with to investigate
quantitative evidence of a transition toward nonstationary behavior at the Sefidrud Dam using a 16-water-year

daily dataset and an integrated multimethod approach.

Methodology: Daily data of three variables — inflow (IFR), reservoir storage volume (RSV), and total outflow
(OFR) — were collected from the Sefidrud Dam monitoring network over 16 water years (from October 2009 to
September 2025). The dataset had no missing values and covered all 5,844 days (including leap years). To detect
structural and behavioral changes, a comprehensive analytical framework was applied: (1) Pettitt non-parametric

test for abrupt change point detection (change in the central location of the distribution, not directly the mean);
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(2) Mann—Kendall test coupled with Sen’s slope estimator to assess monotonic long-term trends; (3) STL
(Seasonal-Trend decomposition using Loess) to separate trend, seasonal, and residual components; (4) rolling
window correlation (365-day window) to examine the temporal evolution of pairwise relationships (IFR-RSV,
RSV-OFR, IFR-OFR); (5) continuous wavelet transform (CWT) using the Morlet wavelet (cmor1.5-1.0) on the
RSV time series to identify shifts in dominant oscillation scales. Additionally, a sensitivity test was performed by
removing irrigation months (IMay to September) and re-running trend analyses on the remaining data to assess
whether seasonal agricultural releases were the primary driver of observed changes. All computations and

visualizations were carried out in Python using libraries pymannkendall, stats models, and pywt.

Results and Discussion: Descriptive statistics showed that IFR and OFR had very high coefficients of variation
(CV of 149% and 162%, respectively), indicating strong daily fluctuations and strongly right-skewed distributions.
Reservoir storage volume (RSV) exhibited intermediate variability, with its CV increasing from ~18% in early years
to ~30% in later years — an early sign of weakening storage stability. The Pettitt test identified a significant
structural break (p < 0.001) for all three variables around water year 2020-2021 (early 2020s). Mean RSV decreased
from about 561 MCM before the break to about 298 MCM after the break, a drop of 46.9%. The Mann—Kendall
test indicated significant downward trends for all variables (p < 0.05), but Sen’s slope values for IFR (-0.0001
MCM/day) and OFR (-2.05x10~° MCM/day) were negligible, whereas the slope for RSV was —0.0483
MCM/day. Contrary to a simple inflow-reduction explanation, the long-term Sen’s slope of IFR was negligible,
indicating that the storage decline cannot be attributed to a gradual, systematic reduction in inflow over the study
period. The substantial decline in mean IFR after the break should therefore be interpreted as part of the structural

shift rather than as evidence of a long-term monotonic trend.

STL decomposition revealed that the trend component of RSV declined sharply after 2020-2021, while the
seasonal component remained stable throughout — indicating that the changes were non-seasonal and structural
in nature. Rolling correlation analysis showed that the correlation between IFR and RSV fell from about 0.68 in
the early period to near zero (or negative) after the break (sharp decline of the inflow—storage linkage), whereas
the correlation between RSV and OFR increased from about 0.4-0.5 to above 0.8. This concurrent shift
demonstrates a transition from an inflow-driven operational regime to a storage-driven regime, where release
decisions increasingly depend on available storage rather than on incoming flows. Daily storage changes (AS) after
the break exhibited larger interquartile range and negative skewness, indicating more frequent and rapid reservoir
drawdowns. Continuous wavelet transform (CW'T) revealed a striking shift: before 2021, most wavelet power was
concentrated at the annual scale (~365 days), reflecting long-term planning and seasonal cycles. After the break,
power shifted markedly toward shorter scales of 60-120 days — indicating a shift toward shorter-term fluctuations;
however, linking this specifically to “reactive” decision-making would require additional operational data (e.g.,
release rules, demand patterns). The sensitivity test (removing irrigation months) showed that the downward trend
of RSV remained statistically significant (p < 0.001), with the absolute Sen’s slope even increasing slightly (from
—0.0483 to —0.0589), suggesting that seasonal agricultural releases were not the primary cause of the structural
shift. Taken together, these multiple lines of quantitative evidence indicate that after water year 2020-2021 the
Sefidrud Dam has experienced a substantial behavioral shift towards nonstationary, although longer-term data

would be required to determine whether this shift is permanent or reversible.

Conclusion: This study provides convergent quantitative evidence — a ~46.9% storage decline, sharp decline of

Journal of Hydraulics
21(3),2026

64



Journal of Hydraulics Vol. 21, No. 3, Fall 2026

inflow—storage correlation, increased short-term fluctuations, and a wavelet spectral shift from annual to 60-120
day scales — suggesting a strong transition towards nonstationary behavior at the Sefidrud Dam since water year
2020-2021 (early 2020s). Annual inflow reduction did not play a primary role; instead, endogenous system
pressures (operational patterns, rising demand, managerial constraints) appear to be the main drivers. However,
due to the limited 16-year record, it is not possible to definitively claim a permanent, irreversible “stationarity
failure”; part of the observed changes could be associated with multi-year drought cycles or natural climatic
variability. Extension of the time series to at least 30 years is necessary to confirm a persistent regime shift. The
integrated analytical framework (change point test, trend analysis, STL, rolling correlation, and wavelet analysis)
can serve as a general tool for dynamic health monitoring and early detection of regime shifts in other reservoir
systems. Based on the findings, it is recommended to: (1) dynamically update reservoir performance curves to
match the post-shift regime; (2) integrate continuous wavelet analysis into early warning systems as a leading
indicator of instability; (3) employ data-driven and machine learning models (e.g., LSTM with SHAP) to restore
or strengthen the functional inflow—storage linkage. Ultimately, this study highlights that dam performance
assessment should not be limited to water deficit indicators or inflow trends; rather, “system dynamic health” and

the stability of internal control linkages must be placed at the center of management and decision making.

Keywords: Transition to nonstationary; Reservoir operation; Dynamic correlation; Multi-scale analysis; Sefidrud

Dam.
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Table 1 Descriptive statistics of four key variables over the period 2009-2025

Variable = Mean Standard deviation =~ Minimum Q1 Median Q3 Maximum CV (%)
IFR 4.735 7.042 0 0.778 2.333 5.616 79.137 148.73
RSV 491.818 298.09 30.83 242256  424.674  712.683 1118.523 60.61
OFR 4.691 7.599 0 0.432 0.57 7.171 51.84 161.995
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Table 3 Results of Pettitt test

Variable Exact date (Gregorian) p-value A Mean Change (%) Max |U{ (x10°)

IFR 2022-06-02 0.001 -2.881 -54.0 % 18.25

RSV 2021-07-01 0.001  -263.421 -46.9 % 19.46

OFR 2021-09-13 0.001 -2.737 -50.9 % 18.54
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Fig. 2 Pettitt test for structural change point detection (o = 0.05)
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Table 4 Results of Mann—Kendall test and Sen's slope for four variables

Variable Trend direction p-value V4 Sen's slope (0=0.05) Significant
IFR decreasing 0.001 -10.64 -0.0001 Yes
RSV decreasing 0.001 -21.28 -0.0483 Yes
OFR decreasing 0.001 -10.06 -2.0495e-05 Yes
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Figure 4 STL decomposition of reservoir storage (RSV) and total outflow (OFR)
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Table 5 Statistics of daily reservoir storage change (AS) before and after the structural break (July 2021)

. Mean Median IQR Days with
P k Percentage (°
eriod (MCM/day) (MCM/day) (MCM/day) —Re"e% Aq< smem Pereentage (%)
Before July 2021 0.048 0.657 5.4 20951 733 17
After July 2021 -0.206 0.562 2.462 -0.675 255 16.5
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Table 6 Annual statistics of reservoir storage (RSV), total outflow (OFR), and inflow (IFR) over the period 2009—2025

Annual mean Annual total

wY RSV 3;;“3\14231) IFR

MCM) MCM)
2010 571.48 1916.03 21634
2011 601.59 1451.68 1509.27
2012 722.56 2630 2748.25
2013 627.49 1710.26 1379.08
2014 380.04 1217.81 1150.6
2015 334.29 1147.05 1191.85
2016 557.11 1945.48 2238.29
2017 560.14 1962.76 1833.17
2018 462.5 1308.8 1320.84
2019 610.04 3478.38 3626.13
2020 678.23 3367.42 3236.09
2021 543.02 1392.89 1343.08
2022 326.52 1057.7 1045.12
2023 265.85 858.51 905.4
2024 306.63 1004.72 1153.58
2025 324.04 961.09 811.72
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Table 7 Annual statistics of IFR, RSV, and OFR variables in two periods: before and after change point

Pre-break Post-break Change Pre-break  Post-break  Pre-break CV  Post-break CV

iabl

Variable -\ an Mean (%) std std (%) (%)

IFR 5.503 2.597 -52.8 7.760 3.711 141.0 142.9

RSV 561.459 298.038 -46.9 294.306 209.743 52.4 70.4

OFR 5.417 2.671 -50.7 8.294 4.632 153.1 173.4
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Table 8 Sensitivity test of Mann—Kendall and Sen's slope

for reservoir storage (RSV): full data vs. removal of
irrigation season (May to September)
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