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Abstract

The Keban, Karakaya, and Atatiirk dams constitute the primary cascade dam system—designed
for hydroelectric power and irrigation—of the Southeastern Anatolia Project (GAP) on the
Euphrates River. Since these three reservoirs are hydraulically connected in series, a water level
anomaly occurring upstream can propagate downstream over a period spanning days or even
months; nevertheless, this cascade system is rarely analyzed as an integrated whole. This study
utilized multi-mission satellite radar altimetry WSE records obtained from the DAHITI database
(Keban: 20162026, n = 289; Karakaya: 1993-2026, n = 672; Atatiirk: 2002-2026, n = 535) to:
characterize long-term and recent water surface elevation (WSE) trends (Mann-Kendall test, Theil-
Sen slope); assess inter-reservoir interactions (monthly cross-correlation and lag analysis, 2016—
2026); test—using the Mann-Whitney U test with Holm-Bonferroni correction—whether WSE
values differed significantly between drought periods (1999-2001, 2008-2009, 2020-2021) and
wet periods (1993-1998, 2019-2020) identified in the literature; and develop an exploratory
random forest classifier for low water level risk.

Raw Mann-Kendall trends were significant for all three reservoirs, but this significance was not
maintained after applying the autocorrelation-resistant (Hamed-Rao) correction; Therefore, Theil-
Sen slope values based on paired time intervals (Keban +0.53 m/yr; Karakaya +0.28 m/yr; Atatiirk
+0.16 m/yr) are presented descriptively. Although zero-lag correlations were observed between
successive reservoirs (Keban-Karakaya r = 0.72; Karakaya-Atatiirk r = 0.61), only the relationship
between the Keban-Karakaya pair remained significant after adjusting the effective sample size for
autocorrelation. Water surface elevation (WSE) was significantly lower at Karakaya during each
drought period (p < 107¢) and at Atatiirk during the 2008-2009 period (p < 107'°); however, the
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Atatiirk reservoir did not exhibit a significant decline during the 2020-2021 period (p = 0.79), a
pattern consistent with the largest reservoir in this cascade system acting as a buffer. During the
2019-2020 wet season, water levels rose by 15.7 m at Keban, 13.1 m at Karakaya, and 8.8 m at
Atatiirk; these increases were consistent in terms of order of magnitude with the 4-16 m rise
reported independently across the basin for the same event. Nevertheless, this signal associated
with the wet season failed the robustness test based on monthly sampling and was considered
merely a descriptive finding. In a random forest classification model adjusted for the leakage effect,
the anomaly in the upstream reservoir emerged as the second most informative predictor variable—
following the reservoir's own lagged state while turbine discharge estimates derived independently
of electricity generation records revealed the same top-down lag structure. These results support
treating the Keban-Karakaya-Atatiirk system as an interconnected cascade system for the purposes
of water level monitoring and early warning.

Keywords: Satellite Altimetry; DAHITI; Reservoir Cascade; Euphrates River, GAP; Drought;
Mann-Kendall Trend Test; Random Forest

1. Introduction

The Euphrates River constitutes the primary surface water source for Tiirkiye's Southeastern
Anatolia Project (GAP), which integrates hydroelectric power generation with large-scale
irrigation activities in the river's upper and middle reaches [1]. Located on the main stem of the
Euphrates, the Keban (1974), Karakaya (1987), and Atatiirk (1990) dams are operated in a
sequential arrangement (in series): water released from Keban feeds Karakaya, and water released
from Karakaya feeds the Atatiirk Dam, which serves as a major flow-regulating structure. Since
the reservoirs are hydraulically interconnected, any deficit or surplus in water inflow occurring in
the upstream sections of the river channel is expected to propagate downstream through this chain
of dams, undergoing modifications at each stage due to factors such as storage, operational rules,
and evaporation. However, unlike recent satellite monitoring studies conducted in regions like the
Yangtze River basin—which treat dam cascades as a unified whole—most remote sensing and
hydrological studies concerning reservoirs in Tiirkiye analyze individual water bodies or the
Euphrates-Tigris basin in its entirety, rather than examining this dam cascade as an interconnected
system [2].

Studies conducted in the Euphrates-Tigris basin have identified the area as a region facing an
increasing risk of drought [3]. A study utilizing 40 years of station data from the Upper Tigris basin
identified extreme drought conditions in 1999—-2000, moderate drought in 2001, and an additional
drought period in 2008-2009, noting that the 1992—1998 period marked the longest wet spell in
the records and that a trend of intensifying drought has prevailed since the early 1990s [4]. Another
study reported significant downward trends in precipitation within the Euphrates basin [5].
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Analyses of the Lower Tigris-Euphrates basin using SPI, SPEI, and the Streamflow Drought Index
similarly reported consistent downward trends. Finally, analyses of SPI and SPEI across the Tigris-
Euphrates basin for the 1960-2023 period determined that both the severity and frequency of
drought have increased since 1990 [6]. Following 2020—the driest agricultural growing season in
five years—NASA Earth Observatory reported that, as of January 2021, many dams supplying
water to cities in Tiirkiye had dropped to their lowest water levels in fifteen years [7]. A multi-
sensor study covering a broader basin area and integrating ICESat-2, Sentinel-2, and ERAS5 data
for the 2018-2022 period detected water level declines of 5—6 meters in most of the region's dams
and lakes after 2019 [8].

Periods of exceptionally heavy precipitation and extreme weather events have also been observed
in the Euphrates basin. By combining GRACE/GRACE-FO gravimetry data with reservoir level
records, it was revealed that a drought period unprecedented in the previous century (2007-2018)
was interrupted in 2019 by a precipitation event of a magnitude seen roughly once a century; during
this event, reservoirs recovered approximately half of the cumulative storage loss incurred during
the drought, and reservoir water levels in the basin rose by 4 to 16 meters [9]. Satellite imagery
analysis conducted by the USGS on the Mesopotamian Marshes also confirmed that above-average
precipitation was recorded during the spring seasons of both 2019 and 2020 [10].

Satellite radar altimetry offers a practical method for monitoring reservoir levels in transboundary
basins where obtaining continuous in-situ measurements is challenging. DAHITI (Database for
Hydrological Time Series of Inland Waters), developed by DGFI-TUM, compiles observations
from successive altimetry missions (TOPEX/Poseidon, ERS/Envisat, Jason-1/2/3, SARAL,
CryoSat-2, Sentinel-3) into quality-controlled water surface elevation (WSE) time series—
including uncertainty estimates for each observation—for thousands of lakes, reservoirs, and river
reaches worldwide [11]; this system has recently been supplemented by global compilations of in-
situ and satellite-derived reservoir levels, such as GROWL [12]. DAHITI records data by tracking
WSE series for all three reservoirs in the cascade: Keban (target ID 38595), Karakaya (221), and
Atatiirk (112).

This study investigates whether the dry and wet periods documented in the literature can be
statistically detected in satellite-altimetry-derived water surface elevation (WSE) data for the
Keban, Karakaya, and Atatiirk dams, and whether they exhibit variability consistent with the dam
cascade structure. The study aims to: (1) characterize long-term and recent WSE trends at each
dam; (2) quantitatively determine the strength and time lag of statistical connections between the
dams; (3) test—using a non-parametric test and multiple comparison correction—whether WSE
values during previously documented dry and wet periods differ from the rest of the records; and
(4) evaluate, through an exploratory proof-of-concept analysis, whether the status of upstream
dams can assist in the early detection of low water level risks at downstream dams. This study
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quantifies the Keban-Karakaya-Atatiirk dam cascade system as a single interconnected unit using
a common, multi-decadal altimetry dataset covering all three dams; integrates trend, cross-
correlation, dry/wet period, and machine learning analyses into a unified framework; and cross-
validates the satellite-derived signal against independent turbine discharge records derived from
national electricity generation data.

2. Study Area

The Keban, Karakaya, and Atatiirk dam reservoirs are situated sequentially along the main stem of
the Euphrates River in eastern and southeastern Tiirkiye (Table 1). Based on DAHITI target
coordinates, these three dam sites span an area covering approximately 1.3° of latitude and 0.4° of
longitude in a straight line; however, considering the river's meandering course through this
mountainous terrain, the actual river distance is greater. The Keban Dam (38.89°N, 38.95°E)
operates within an elevation range of approximately 820-845 m above sea level, featuring a
reservoir surface area of about 687 km? and a maximum storage volume of approximately 31.0 x
10° m® (of which 13.9 x 10° m? is usable). The Karakaya Dam (38.45°N, 38.58°E) operates within
a narrower elevation range of approximately 675-693 m above sea level, with a reservoir surface
area of about 226 km? [8] and a maximum storage volume of approximately 9.2 x 10° m* (of which
4.4 x 10° m? is usable); the dam's low active storage ratio and narrow valley morphology give it
the characteristics of an essentially run-of-river type regulation and hydroelectric dam. The Atatiirk
Dam (37.58°N, 38.56°E) operates within an elevation range of approximately 526 to 542 m above
sea level and creates a reservoir surface area of about 817 km?; In addition to providing the largest
hydroelectric capacity within the GAP system—with a maximum storage volume of approximately
48.8 x 10° m*—the dam serves as the primary water source for the Harran and Sanliurfa-
Ceylanpinar irrigation projects. All three dams and their operational parameters are documented in
national energy infrastructure inventories and the GAP hydroelectric literature [1]. Furthermore,
the Atatiirk Dam reservoir has been evaluated in the geophysical literature concerning reservoir-
induced seismicity [13].

Table 1. Key characteristics of the three cascade reservoirs.

Reservoir Completion Operating Max. storage Reservoir DAHITI
year range (m (1079 m?) area (km?) target ID
a.s.l.)
Keban 1974 ~820-845 ~31.0 ~687 38595
Karakaya 1987 ~675-693 ~9.2 ~226 221
Atatiirk 1990 ~526-542 ~48.8 ~817 112
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3.1 Satellite altimetry data

Water surface elevation (WSE) time series for the Keban, Karakaya, and Atatiirk dams were
obtained from DAHITI (dahiti.dgfi.tum.de), which derives WSE values from multi-mission
satellite radar altimetry data using the method described in [11]; each observation includes a formal
uncertainty estimate (wse_u). The three records cover the periods: 17 October 2016 — 17 August
2026 (n = 289) for Keban; 29 March 1993 — 11 June 2026 (n = 672) for Karakaya; and 23 June
2002 — 12 August 2026 (n = 535) for Atatiirk. The sampling is irregular, reflecting changes in
satellite repeat cycles and ground-track geometry over the multi-decadal record duration; the
reported median uncertainty values are 0.020 m for Karakaya, 0.015 m for Keban, and 0.005 m for
Atatiirk—values that are quite low when compared to the operational amplitude of approximately
12-21 m for each reservoir. Records (pairs) sharing the same dates were extracted, and
observations were sorted chronologically; no further corrections were applied to the raw WSE
values used in Sections 3.3-3.5. For the monthly analyses in Sections 3.4 and 3.6, each series was
resampled based on monthly averages.

3.2 Trend analysis

For the entire record of each reservoir, the non-parametric Mann-Kendall (MK) trend test was
applied alongside the Theil-Sen slope estimator, calculated based on actual elapsed time (in
decimal years) rather than the observation index. Since altimetry-derived water surface elevation
(WSE) series typically exhibit strong autocorrelation—and because the standard MK test can
overestimate trend significance in the presence of serial dependence [14]—the autocorrelation-
corrected modification by Hamed and Rao [15], which adjusts the test statistic's variance to account
for serial dependence, was also applied; although this procedure affected the reported p-value, it
did not alter the underlying rank-based trend detection, as the MK statistic itself is unaffected by
observation intervals. Both tests were conducted for the full records, the last five years, and the
20162026 period common to all three reservoirs (Section 3.6).

3.3 Cross-correlation and lag analysis

To quantify the connectivity between reservoirs, each series was resampled to monthly averages
over the period common to all three reservoirs (October 17,2016 — June 11, 2026; n =117 months),
and small gaps within the window were linearly interpolated. For each sequential pair
(Keban—Karakaya, Karakaya— Atatiirk, Keban—Atatiirk), the Pearson cross-correlation
coefficient was calculated at integer monthly lags ranging from -12 to +12 months; a positive lag
indicates that the downstream reservoir lags behind the upstream reservoir. Since monthly WSE is
strongly autocorrelated—rendering standard significance tests for Pearson correlation
insufficient—an autocorrelation-adjusted p-value was also calculated based on the effective sample
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size approach of [16], which discounts the sample size to reflect the reduced number of effectively
independent monthly observations.

3.4 Literature-derived drought/wet windows and significance testing

Since homogenized meteorological station data were unavailable for this study, rather than
calculating a new precipitation-based drought index, the analysis relied on three drought periods
and one wet reference period derived from previously published regional drought assessments.
These include the extreme-to-moderate drought (1999-2001) and severe-to-mild drought (2008—
2009) periods reported for the Upper Tigris basin; the wet reference period (1993—1998), identified
in the same study as the longest wet period within a 40-year record; and the 2020-2021 drought
period, which is consistent with the post-1990 increase in drought frequency reported by [6] and
validated by [7]. The 1999-2001 and 2008-2009 periods were drawn from a study concerning the
Upper Tigris basin, which is adjacent to the Euphrates basin; given that the headwaters of both
rivers originate in the same high-altitude region—and are frequently treated as a single climatic
and hydrological unit in the regional literature (e.g., [5]; [6])—the drought years identified by
Ozkaya and Zerberg were treated as a regional indicator rather than a basin-specific measurement
(Section 5.4). In addition, the 2019-2020 wet/surplus period has been identified as a fourth directly
verified period for the Euphrates-Tigris system. This period is supported by study [9], which
documents a once-in-a-century precipitation event in 2019 and reservoir level rises of 4—16 meters
across the basin, and by study [10], which reports above-average spring precipitation in both 2019
and 2020. For this period, in addition to the Mann-Whitney U comparison used for other periods,
the difference between the maximum water surface elevation (WSE) within the period and the
minimum WSE during the preceding 18 months was determined to facilitate direct comparison
with study [9]. For each reservoir and each window overlapping with its records, a two-tailed
Mann-Whitney U test was employed to compare the WSE values within the window against all
other observations in that reservoir's record. Since this analysis involved a total of ten comparisons,
the Holm-Bonferroni step-down correction was applied across the set of tests; both uncorrected
and corrected results are presented in Sections 4.3—4.4.

3.5 Matched-period comparison

Since the data recording periods for the three reservoirs differ (starting in 1993 for Karakaya,
2002 for Atatiirk, and only 2016 for Keban), a parallel set of analyses (descriptive statistics, MK
trend test, and zero-lag monthly correlation) was restricted to the time interval common to all
three series (October 17, 2016 — June 11, 2026) to ensure uniform start and end dates.

3.6 Machine-learning risk classification

As an exploratory complement to the correlation analysis, a binary random forest classifier [17]
was constructed for each reservoir to flag months at risk of low water levels. This condition was
defined as a seasonally adjusted WSE anomaly (observed monthly mean minus monthly
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climatological mean) falling at or below the reservoir's own 10th percentile. Predictors included
the calendar month (sine/cosine encoded), the reservoir's own 1-month lagged anomaly, and—
specifically for Karakaya and Atatiitk—the concurrent anomaly of the immediately upstream
reservoir (Keban for Karakaya; Karakaya for Atatiirk). The models were random forests (300 trees,
max depth 4, min leaf size 3, class-balanced) evaluated using expanding-window time-series cross-
validation (5 folds). An initial version calculated the climatological data—which define both the
risk label and the anomaly predictors—once across the entire matched-window sample; however,
this was corrected because the distribution of the future test period in each fold influenced the label
definition during the training phase. Consequently, the climatological data, the 10th-percentile
threshold, and the anomaly predictors were recalculated separately within each fold using only that
fold's training partition, and only the leakage-corrected results are reported below. We report the
average accuracy, precision, recall, F1, and ROC-AUC values across valid folds (where both
classes are present in the test partition), alongside feature importances derived from the final model
applied to the full matched-window sample for interpretability. Given the small sample size (116
months of observation per reservoir) and the low prevalence of the positive class (~10%), these
classifiers have been considered exploratory in nature (Section 5.5).

3.7 Turbine flow derived from electricity-production data

As an independent cross-check for the DAHITI-based dynamics, the monthly turbine discharge
(Q) for each reservoir was derived from publicly available electricity generation records. Hourly
generation data (2016-2026) for the Keban and Atatiirk dams and monthly total generation data
(2013-2026) for the Karakaya dam were obtained from the EPIAS Transparency Platform [18].
These data were converted into monthly average electric power values, P(t), and combined with
the standard hydroelectric power equation—P =1 x p X g x Q x H—to solve for Q: Q(t) = P(t) /
(m x p x g x H(t)); where p = 1000 kg/m?, g = 9.81 m/s? and n = 0.90 (a representative overall
efficiency value for a modern, large-scale hydroelectric power plant) were assumed [19].

The net head, H(t), was calculated using the formula H(t) = WSE(t) — TWL.er, where WSE(t)
represents the monthly average DAHITI reservoir water level, and TWL..r represents a constant
tailwater reference level specific to each power plant. For the Atatiirk Dam, the TWL..r value of
398.00 m was determined based on an independently reported net design head of 144.00 m at the
reservoir's normal maximum water level of 542 m [20]. Since no verified design head value was
available for the Keban or Karakaya dams, the TWLr values for these plants (678.0 m and 535.0
m, respectively) were estimated from data regarding each plant's elevation above the original
riverbed [21, 22]. The estimate for Keban was cross-checked against an independently reported
specific water consumption value of 2.8 m* per kWh [21]; assuming an efficiency (eta) of 0.90,
this consumption rate implies an average head of approximately 146 m, which aligns with the 145—
165 m head range exhibited by the TWL.r estimate in our study across Keban's operating range.
Consequently, the TWL.r values used for Keban and Karakaya are based on engineering estimates
rather than official design values; since this uncertainty enters the system as a nearly constant
offset, it affects the level of Q rather than its temporal variation, whereas Section 4.6 relies on the
temporal variation of Q. As we do not distinguish turbine discharge from spillway flow, the value
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of Q(t) represents the flow specifically passing through the turbines, rather than the total reservoir
outflow.

4. Results
4.1 Long-term and recent trends

Standard Mann-Kendall (MK) tests conducted over the entire recording period for each reservoir
revealed significant trends at all three sites: an increase at Keban (Theil-Sen slope +0.671 m/year,
95% CI[0.434; 0.920], p = 2.1x1077), and decreases at the Karakaya (-0.092 m/year, 95% CI |-
0.126; -0.057], p = 4.6x1077) and Atatiirk (-0.060 m/year, 95% CI [-0.101; -0.018], p = 0.006)
dams. However, after correcting for serial autocorrelation using the Hamed-Rao modification, none
of the trends spanning the full recording period remained significant at the 0.05 level (Keban p =
0.207; Karakaya p = 0.061; Atatiitk p = 0.313); this indicates that the observed long-term
monotonic trends are not robust when the strong autocorrelation inherent in reservoir water surface
elevation (WSE) series is taken into account [14]. Furthermore, the high slope value observed for
Keban should be interpreted with caution, as the Keban record covers only the 2016-2026 period,
unlike the records for Karakaya (33 years) and Atatiirk (24 years). Restricting the comparison to
the directly matched 20162026 period (Section 3.6; Figure 1b) yields a markedly different yet
directly comparable picture under the original MK test: all three reservoirs exhibit a significant
upward trend during this shared ten-year interval (Theil-Sen slope: Keban +0.526 m/yr, 95% CI
[0.288; 0.763], p =4.7x107%; Karakaya +0.276 m/yr, 95% CI [0.119; 0.427], p = 9.8x107*; Atatiirk
+0.162 m/yr, 95% CI1[0.077; 0.252], p=2.5%x10"*). Applying the Hamed-Rao correction eliminates
this significance for all three reservoirs (Keban p = 0.309; Karakaya p = 0.411; Atatiirk p = 0.094);
this is because the shorter, matched period—containing fewer independent multi-year cycles—is
more susceptible to autocorrelation-induced error (spurious significance) than the full record.
Consequently, the recovery observed in Figure 1b (with minimum levels within the shared period
occurring around 2021-2022 and recovery continuing through 2024-2026) should be regarded as
a descriptive finding rather than a confirmed trend. The MK test covering the last five years yielded
apparently significant results for all three reservoirs under uncorrected test conditions (Keban p <
0.001; Karakaya p < 0.001; Atatiirk p = 1.4x107'%; Figures la, 1b).

4.2 Cascade cross-correlation

Monthly water surface elevation (WSE) values at Keban and Karakaya exhibited a strong and
essentially synchronous correlation over the matched time interval (zero lag: r = 0.717, raw p =
1.0x107"°, n = 117; the -1 month lag yielding the best fit [r = 0.732] does not differ significantly
from the zero lag). Since monthly WSE values exhibit high levels of autocorrelation (lag-1
autocorrelation ranges between 0.90 and 0.96 across all three series), these raw p-values
overestimate significance; when the "effective sample size" correction from study [16]—which
reduces the n = 117 monthly data points to approximately 9-12 independent observations per
pair—is applied, the Keban-Karakaya correlation (effective n = 8.7, adjusted p = 0.033) and the
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corresponding -1 month lag (adjusted p = 0.028) remain significant. A correlation (r = 0.612) at
zero lag was also observed between the Karakaya and Atatiirk dams, but this pair lost its
significance following the correction (effective n = 9.0, adjusted p = 0.080). The direct Keban-
Atatiirk correlation at zero lag was weaker compared to the other adjacent pairs (r = 0.543) and
likewise lost significance after the correction (effective n ~ 12.4, adjusted p = 0.063); This situation
is consistent with the gradual attenuation of the upstream signal as it propagates through the two
intervening reservoirs. The observation of the highest statistical value at a 10-month lag (r = 0.628,
adjusted p = 0.046) was interpreted as an artifact resulting from a shared annual cycle rather than
a true hydraulic travel time (Section 5.2). While these autocorrelation-adjusted results support the
statistical robustness of the adjacent Keban-Karakaya connection, the weaker Karakaya-Atatiirk
and Keban-Atatiirk correlations are corroborated by the random forest analysis findings presented
in Section 4.5.

4.3 Drought period significance

Based on the compared time intervals of the Karakaya data record, the WSE (water surface
elevation) was measured as significantly lower during the 1999-2001 drought period (median
values: 677.96 m vs. 687.19 m; difference = -9.23 m; Mann-Whitney p = 1.0x107'*; Keban and
Atatiirk records do not cover this period). During the 2008—-2009 period, the WSE was found to be
significantly lower compared to reference values at the Karakaya (difference = -5.13 m, p =
5.5%107%) and Atatiirk (difference =-5.33 m, p = 7.1x1072°) dams; the Keban record does not cover
this period. During the 2020-2021 period, the WSE was found to be significantly lower compared
to reference values at the Keban (difference = -5.45 m, p = 1.1x107'") and Karakaya (difference =
-5.07 m, p=9.2x1077) dams; however, the difference at the Atatiirk dam was small and statistically
insignificant (difference = -0.16 m, p = 0.79). At the Karakaya dam—the only one with available
data for this period—the WSE was measured as significantly higher during the 1993—-1998 wet
reference period (median values: 689.93 m vs. 686.29 m; p = 1.1x107"). Figure la displays all
three data records with the periods in question highlighted, while Figure 3 summarizes the
comparisons using box plots.

4.4 Wet-period response and cascade symmetry

According to Dabhiti altimetry records, WSE (water surface elevation) values at all three dams were
found to be significantly higher during the 2019-2020 wet period compared to the remainder of
the record (Keban: A =+0.63 m, n = 64, p = 0.0078; Karakaya: A = +1.62 m, n = 58, p = 0.046;
Atatiitk: A = +0.57 m, n = 74, p = 1.8x107*); as shown below, none of these three comparisons
passed the robustness test based on monthly sampling; therefore, this result is descriptive in nature
rather than a confirmed finding. The rise metric defined in Section 3.5 is less sensitive to the
compressing effect of the "remainder of the record" reference level on the 2024-2026 recovery
period and exhibits a clearer pattern: from the local minimum level preceding the wet period to the
peak within the period, WSE rose by 15.7 m at Keban (from 827.88 m on 3 October 2017 to 843.57
m on 30 May 2019), 13.1 m at Karakaya (from 678.99 m on 13 December 2018 to 692.14 m on 19
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June 2019), and 8.8 m at Atatiirk (from 528.78 m on 18 August 2018 to 537.58 m on 28 May 2019)
(Figure 5). All three rise values align with—or are close tothe 4-16 m range identified basin-wide
for the same event in the study by [9]; this confirms the satellite-derived rise data in terms of order
of magnitude. As was the case with the drought-induced water deficit (Section 4.3), the magnitude
of the rise was lowest at Atatiirk and highest at Keban, thereby reflecting the downstream
attenuation pattern observed in the cross-correlation results (Section 4.2). The three peak dates
within the study period (Atatiirk: May 28, 2019; Keban: May 30, 2019; Karakaya: June 19, 2019)
do not follow a clear, sequential downstream lag pattern. Rather than contradicting the concept of
sequential interaction (cascading connectivity) between the dams, this observation is consistent
with regional-scale climatic data (precipitation, streamflow, and drought): tributary inflows join
the Euphrates at various points downstream of Keban and Karakaya, and each reservoir is managed
according to its own operational rules; consequently, a wet period can raise water levels in all three
dams within the same season without a distinct multi-week propagation lag (Section 5.2).

When the Holm-Bonferroni correction was applied to all ten Mann-Whitney comparisons
performed on the raw altimetry data, eight of the ten comparisons remained significant at a family-
wise alpha level of 0.05; The exceptions were the Karakaya 2019-2020 comparison (raw p = 0.046;
adjusted p = 0.092) and the Atatiirk 2020-2021 comparison (p = 0.79), which was already non-
significant. Since the primary observations consisted of repeated altimetry measurements
exhibiting serial correlation rather than independent samples, all ten comparisons were repeated
using monthly resampled series to check for robustness against the risk of pseudo-replication.
Under this stricter control, and following a separately calculated Holm-Bonferroni correction, six
of the ten tests remained significant: the three drought periods at Karakaya, the 2008—-2009 period
at Atatiirk, the 20202021 period at Keban, and the 1993—1998 wet reference period at Karakaya.
Three comparisons involving the 2019-2020 wet period and the Atatiirk 2020-2021 comparison
did not pass this check. Consequently, while the findings regarding the drought period
demonstrated robustness against the repetition effect, the Mann-Whitney result for the wet period
did not; the magnitude of the rise during the wet period was treated merely as descriptive
information (Sections 5.3, 5.7).

4.5 Machine-learning risk classification

In this study, the classifiers were evaluated using the same expanding-window method; during this
process, data from only the relevant training fold were used to define the climatology, label
threshold, and anomaly predictors for each fold. For the Keban Dam, which lacks upstream
predictor data, the adjusted classifier yielded the following average values: 0.68 accuracy, 0.71
precision, 0.57 recall, 0.63 F1 score, and 0.78 ROC-AUC (based on two valid folds); the dam's
own lag-1 anomaly played the dominant role in feature importance (0.80). For the Karakaya Dam,
the results obtained when the upstream Keban anomaly was included in the model were: 0.55
accuracy, 0.33 precision, 0.17 recall, 0.22 F1 score, and 0.77 ROC-AUC (based on two valid folds);
regarding feature importance, the dam's own lag-1 anomaly was again dominant (0.61), followed
by the upstream Keban anomaly (0.32). The Atatiirk Dam classifier, which utilized the upstream
Karakaya anomaly, achieved the strongest scores among the three: 0.89 accuracy, 0.53 precision,
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1.00 recall, 0.69 F1 score, and 0.96 ROC-AUC (based on two valid folds). Regarding feature
importance, the dam's own lagged term (0.62) and the downstream Karakaya anomaly (0.29) were
again dominant (Figure 4; the ranking did not show significant changes compared to the version
adjusted for leakage). The contribution of seasonal terms to importance across all dams is low;
furthermore, in both models incorporating cascade system information, the downstream dam's
anomaly—consistent with the cross-correlation results (Section 4.2)—emerged as the second most
important feature. Given the use of only two independent cross-validation folds and a small,
imbalanced monthly sample set, these values should not be regarded as a validated operational
forecast (Section 5.5), but rather as a proof-of-concept demonstrating that downstream cascade
system information holds predictive value [17].

4.6 Production-derived flow, DAHITI WSE, and cascade coupling

The monthly turbine discharge calculated in the study averaged 404.6 m®/s at Keban (range: 3.4—
739.2 m3/s; N = 115 months with matching water level data), 475.9 m?/s at Karakaya (range: 40.5—
1049.3 m3/s; N = 153), and 476.6 m?/s at Atatiirk (range: 180.7-1093.9 m?*/s; N = 126) (Figure 6¢);
these values are largely consistent with long-term Euphrates River discharge data obtained from
the literature for the respective locations.

A positive correlation was observed between the average monthly power output and the water level
of the respective reservoir in each case; this relationship passed the "effective sample size"
correction test referenced in [16] for all three facilities (Keban: r =+0.379, Negr= 37.3, padgj= 0.020;
Karakaya: r=+0.414, N ¢fr= 44.3, pagj = 0.005; Atatiirk: r =+0.397, N esr=26.9, pagj= 0.041; Figure
6a—c). This finding is consistent with an increase in available hydraulic head and/or an operational
tendency to generate more energy when water levels are high.

Water outflow calculated based on production data from an upstream facility also predicted the
water level of the downstream reservoir; This finding serves as an independent complement to the
cross-correlation analysis discussed in Section 4.2, which relied solely on the relationship between
water levels [23]. A positive correlation was identified between the discharge calculated at Keban
and the water level at Karakaya for lag times of 0 to 3 months, peaking at the 2-month lag (r =
+0.369, N efr= 38.0, pagj= 0.023, N = 112); similarly, a positive correlation was observed between
the flow calculated at Karakaya and the water surface elevation (WSE) at the Atatiirk Dam, peaking
at a 1-month lag (r = +0.373, Nefr=45.3, pagj= 0.011, N = 124; Figure 6d). Although the lag times
do not align perfectly, they are broadly consistent with the -1 month lag identified as the best fit
for the Keban-Karakaya link based solely on WSE data; furthermore, the lack of exact alignment
is considered an expected outcome given the coarse monthly resolution involved in both cases. In
contrast, a more direct test addressed in Section 5.8—based on a mass balance approach and
comparing the calculated inflow from upstream with the month-to-month variation in the
downstream reservoir's water surface elevation (WSE)—did not reveal a significant relationship
for either pair (Keban Q — Delta-Karakaya WSE: r = +0.010, pagj= 0.93; Karakaya Q — Delta-
Atatiitk WSE: r =+0.137, pagj= 0.29).
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Water surface elevation of the Keban-Karakaya-Atatlrk cascade (DAHITI satellite altimetry, 1993-2026)
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Figure 1a. Water surface elevation of (a) Keban, (b) Karakaya, and (c) Atatiirk reservoirs over each
reservoir's full DAHITI satellite-altimetry record. Grey bands mark literature-reported drought windows
(1999-2001, 2008-2009, 2020-2021); the green band on the Karakaya panel marks the 1993-1998 wet
reference window [3].
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Matched-period comparison, 2016-10-17 to 2026-06-11 (identical start/end date for all three reservoirs)
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Figure 1b. Comparison of paired periods for the Keban, Karakaya, and Atatiirk dams over the common
time interval (October 17, 2016 — June 11, 2026). Standardized (z-score) WSE anomalies superimposed
on a single axis alongside the simultaneous minima (~2021-2022) and maxima (~2019, 2024) of the water
surface elevations (WSE).

Cross-correlation of monthly WSE between cascade reservoir pairs (2016-2026 common window)
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Figure 2. Cross-correlation of monthly water surface elevation (WSE) values between successive
reservoir pairs (Keban—Karakaya, Karakaya— Atatiirk, Keban— Atatiirk), calculated for the 2016-2026
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period as a function of time lag (months).
WSE during literature-reported drought windows vs. full record (Mann-Whitney U tested)
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Figure 3. Reservoir-based box plots comparing water surface elevations (WSE) during drought periods
with the entire period of record (Mann-Whitney U test).
Feature importance in the low-water-level risk classifier, by reservoir
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Figure 4. Random forest feature importance for the reservoir-specific low water level risk classifier.
Reservoir anomaly (t-1)" is the 1-month lagged, seasonally adjusted WSE anomaly for each specific
reservoir; Upstream anomaly" is the concurrent, seasonally adjusted anomaly of the cascaded reservoir
located immediately upstream.
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Reservoir response to the literature-documented 2019-2020 wet episode
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Figure 5. Response of the Karakaya, Keban, and Atatlirk dam reservoirs to the 2019-2020 wet season [9,
10] (on a reservoir-by-reservoir basis). The green shading indicates the wet season; the circle symbol
marks the local minimum prior to the period (the lowest water surface elevation within the preceding 18
months), and the triangle symbol marks the peak water surface elevation during the period in question,

with the indicated rise representing the difference between these two values.
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Figure 6 Turbine discharge derived from energy production and its relationship with DAHITI WSE. (a—
b-¢) Monthly average electric power versus DAHITI WSE and the least-squares fit line. (d) Pearson r
between the discharge derived from the upstream plant's energy production and the downstream
reservoir's WSE, plotted against monthly lag. (¢) Turbine discharge Q(t) derived from energy production

for the Keban, Karakaya, and Atatiirk reservoirs during the period for which production data are available.

5. Discussion
5.1 A cascade that behaves as a coupled system

The near-zero-lag correlation of the Keban-Karakaya pair—the only pair retaining significance
after an autocorrelation-based correction (Section 4.2)—and the consistent secondary importance
of the upstream flow anomaly term in random forest models provide two independent lines of
evidence that the Keban-Karakaya-Atatiirk system should be viewed as an interconnected cascade
rather than three independent water bodies. The weaker Karakaya-Atatiirk and Keban-Atatiirk
correlations do not remain independently significant after the same correction process;
consequently, evidence regarding the connection in the lower part of the system relies not merely
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on cross-correlation, but rather on random forest models and visual data (Figure 1b). This aligns
with the engineering functions of the reservoirs in question: Karakaya possesses relatively little
active storage volume compared to Keban and Atatiirk (Table 1) and functions largely as a flow-
through stage for regulation and hydroelectric generation. Similar monitoring studies based on
satellite and generation data have recently been reported for other large hydroelectric cascade
systems, such as the Yangtze [2] and Dadu [24] systems.

5.2 Interpreting the weaker, longer-lag Keban-Atatiirk correlation

The Keban-Atatiirk correlation was calculated to be weaker than that of adjacent pairs and
associated with a much longer nominal best-fit lag (10 months). This result is interpreted as a
consequence of comparing two monthly-resolution series that share a strong common annual cycle,
rather than reflecting the hydraulic travel time of water flow across a cascade of this length. The
physically interpretable statistic is the zero-lag correlation (r = 0.543), which is positive and weaker
than that of either adjacent pair; this is consistent with gradual signal attenuation (and monthly
averaging) as an anomaly passes through two intermediate reservoir stages, though it does not pass
the significance test adjusted for autocorrelation (Section 4.2).

5.3 Atatiirk's apparent buffering of the 2020-2021 drought signal

From an operational perspective, the most significant finding of this study is the asymmetry
observed during the 2020-2021 drought period: while a marked drop in water surface elevation
(WSE) of approximately 5 meters was observed in both upstream reservoirs, no such drop occurred
at the Atatiirk Dam—Ilocated at the downstream end of the system and possessing the largest
storage capacity. This result remains valid under robustness checks performed using both the
Holm-Bonferroni correction and the monthly resampling method (Section 4.4). The zero-lag
correlation between the Atatiirk and Karakaya dams remained strong throughout the entire period
of record (Section 4.2); therefore, this phenomenon is not attributed to a disruption in hydraulic
connectivity. The study suggests that the Atatiirk Dam's vastly larger active storage volume (Table
1) enabled operators to maintain water levels and downstream releases at more stable rates by
utilizing reserves during a drought that was clearly felt in the upstream sections. This finding aligns
with literature indicating that dams with large, multi-year storage capacities buffer short-term
climatic shocks more effectively than smaller regulating dams. [24]

The pattern of water level rise during the 2019-2020 wet period (Section 4.4) is also broadly
consistent with this picture: the Atatiirk Dam exhibited the smallest rise in water level among the
three dams (+8.8 m, compared to +15.7 m at Keban and +13.1 m at Karakaya); However, the Mann-
Whitney test supporting this finding did not yield statistically significant results for any of the dams
during the robustness check conducted using the monthly resampling method. This situation was
evaluated in relation to the reservoirs' catchment areas and capacities. For a given volume of
anomalous water inflow, the resulting change in water level is inversely proportional to the
reservoir surface area; the Atatiirk Dam possesses the largest surface area among the three dams—
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approximately 817 km?>—significantly exceeding Keban's surface area of roughly 687 km? (Table
). Yet, when the Karakaya Dam is also taken into account, this relationship does not follow a
monotonic pattern. Although Karakaya's surface area (approximately 226 km?; [8]) is significantly
smaller than that of both Keban and Atatiirk, it did not exhibit the greatest rise in water level during
wet periods or the greatest drop during dry periods. Instead, these extreme values were observed at
the Keban Dam, despite it having a surface area roughly three times the size of Karakaya's. The
relatively large fluctuations at Keban are more plausibly explained not merely by surface area, but
rather by its position as the uppermost reservoir—directly exposed to flow variability and lacking
any upstream buffering stage. Consequently, the surface area mechanism is regarded as a plausible,
partial factor contributing to the relative behavior—particularly between Atatiirk and Keban—
alongside operational management, rather than as a universal rule applicable across the entire
cascade system; confirming this would require data on reservoir bathymetry or area-elevation
curves, which were unavailable in the present study (Section 5.7).

5.4 Relationship to the wider basin drought literature

The low water surface elevation (WSE) levels we identified during the 1999-2001, 2008—-2009,
and (for Keban and Karakaya) 2020-2021 periods appear broadly consistent with the post-1990
intensification of drought in the Tigris-Euphrates basin reported by [6], the significant precipitation
declines in the Euphrates basin reported by [4], and the drought trends in the lower Tigris-Euphrates
basin reported by [5]. These findings also align with the 5—-6 meter drops reported post-2019 for
many reservoirs in regional studies within the literature [8]; our records show a distinct WSE
minimum around 2021-2022 for all three dams in the cascade (Figures 1a, 1b). However, our more
extensive records—extending to mid-2026—further reveal a significant recovery at all three dams,
a trend that would not have been detected by a study period ending in 2022 (Section 4.1). The
1999-2001 and 2008-2009 periods should be viewed as regional complementary data rather than
as a drought index specific to the Euphrates. While the results for the Karakaya and Atatiirk dams
during these periods—compared with data from a study on the upper Tigris basin [3]—are
consistent with the assumption that drought timing in the Tigris basin is directly reflected in the
upper Euphrates basin, they do not prove this assumption on their own. Future studies should utilize
a basin-specific SPI/SPEI series calculated from precipitation data for the Euphrates basin. A
gravimetry-based reconstruction study focusing directly on the Tigris-Euphrates system offers
partial and independent validation [9]; the 2007-2018 drought period documented in that study
encompasses the 2008—-2009 period analyzed here, while the extremely wet period of 2019 served
as the basis for identifying the 2019-2020 period examined in Section 4.4. The apparent
contradiction in the literature—between the above-average spring precipitation in 2019 and 2020
[10] and the record-level drought reported for the 2020 growing season and the minimum water
storage levels of January 2021 [10]—can be explained by noting that it is not meteorologically
unusual for an unusually wet spring to be followed by a dry summer and autumn within the same
calendar year; consequently, the calendar-year-based time intervals used here serve as a
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complementary tool rather than a substitute for a properly resolved monthly or seasonal drought
index, and this constitutes a limitation of the study (Section 5.7).

5.5 Machine-learning results as exploratory evidence, not an operational tool

For random forest classifiers, given that there are only 116 months of observations per reservoir
and the positive class prevalence is approximately 10%, the number of "risk condition" months
falling into the test set across most cross-validation splits was too low to be usable; this resulted in
only one or two valid folds remaining per reservoir. The resulting performance estimates (e.g., a
ROC-AUC value of 0.96 for the Atatiirk Dam, adjusted for seepage effects) entail significant,
unquantified uncertainty [17]. Rather than representing a validated forecasting system, these
results—consistent with current random forest approaches regarding the transformation of
meteorological drought into hydrological drought [25]—provide model-based evidence
independent of the cross-correlation analysis (Section 4.2) that upstream reservoir conditions in
this cascaded system carry predictive information regarding the risk of low water levels
downstream. Developing an operationally useful version would require a longer and regularly
sampled training dataset (e.g., supplementing satellite altimetry data with daily or weekly DSI
reservoir level data), the use of open hydro-meteorological data (precipitation, snowmelt timing,
upstream inflow), and calibration based on DSI’s own operational rules.

5.6 Upstream versus downstream reservoir siting: dynamic buffering and dam-safety
implications for cascade design

The buffering asymmetry of the dam reservoirs raises a broader design question regarding
sequential dam/reservoir cascades: Is there an engineering rationale for concentrating the largest
storage capacity in the terminal structure—that is, the one located furthest downstream—as is the
case with the Atatiirk Dam? A comprehensive dam safety risk assessment—requiring dam-break
modeling, bathymetric measurements, and operational data specific to these three structures—Ilies
beyond the scope of this study; however, the observed pattern aligns with various approaches found
in reservoir and dam engineering literature.

At the level of basic reservoir morphometry, the relationship between storage volume, surface area,
and water surface elevation is well-described by a power-law stage-volume curve with an exponent
reflecting the basin shape [26]: in a reservoir with a larger surface area at a given elevation, a
proportionally greater change in volume is required to achieve the same rise or fall in water level.
Since the terminal reservoir located furthest downstream must accommodate not only the
variability of its own local inflow but also the variability transmitted to the system from all
upstream reservoirs and intervening tributaries—albeit with partially attenuated effects (Sections
4.2, 4.4)—possessing a larger surface area serves as a simple, direct morphometric mechanism to
keep water level fluctuations manageable, independent of active operational management; indeed,
Section 5.3 demonstrates that this mechanism alone cannot fully explain the pattern observed
across all three reservoirs. The safety literature regarding cascading dam systems offers an
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independent, risk-based rationale. A study [27] examining risk assessment methods for cascading
dam systems demonstrates that dam risk in such systems cannot be evaluated on an individual
reservoir basis; this is because the risk of failure propagates and compounds throughout the system:
the risk to a downstream structure increases exponentially with the cumulative probability of failure
originating from each upstream dam. Applying this framework to five major hydroelectric
reservoirs on the Dadu River, a study [28] showed that the available reserve storage capacity of a
downstream reservoir directly determines what proportion of the discharge resulting from an
upstream dam failure is retained (attenuated) within the system versus what is transmitted further
downstream; this finding aligns with current operational studies on daily flow regulation in
cascading hydroelectric systems [23] and research on optimal reservoir operation under water-level
constraints [24]. Taken together, these studies indicate that concentrating larger storage capacity at
the most downstream (terminal) location serves as a structural arrangement that limits the
propagation of anomalous water releases from upstream and the compounding of their impacts: the
maximum storage volume of the Atatiirk Dam (~48.8 x 10° m?) is significantly larger than the
volumes of the Keban (~31.0 x 10° m?®) and Karakaya (~9.2 x 10° m?, Table 1) dams. This
observation constitutes a general inference drawn from other large dam cascades rather than an
analysis requiring specialized hydraulic modeling based on dam-break parameters specific to the
cascade in question.

This is not a universal design rule; in dam cascades built primarily for flood control, the largest
storage capacity is typically located as far upstream as possible. This ensures that the regulatory
benefits extend to the widest sections of the riverbed and floodplain downstream. The optimal
location of the largest reservoir varies depending on whether the primary design objective is
hydroelectric power generation, irrigation reliability, or flood control. In the specific case of the
Keban-Karakaya-Atatiirk system, the reliability of irrigation water supply a key component of the
GAP Project is an objective focused on the downstream direction. This structural arrangement
where in the largest reservoir is situated at the uppermost position and demonstrates the strongest
empirical buffering effect against the drought anomalies documented in sections 4.3—4.4 and 5.3 is
consistent with a dam cascade model functionally suited to that objective. Confirmation of this
situation will only be possible through an examination of bathymetric data and DSI operational
records.

5.7 Limitations

There are several limitations characterizing these findings. Satellite altimetry sampling is irregular
over time; although the removal of duplicate data and monthly aggregation mitigate this, the Mann-
Kendall (MK) trend results for the Karakaya record specifically for both the full record and the
paired windows (Section 4.1) lost their statistical significance after correction for serial
autocorrelation. Similarly, the zero-lag cross-correlations for the Karakaya-Atatiirk and Keban-
Atatiirk pairs (Section 4.2) lost significance when adjusted for autocorrelation. Future studies on
reservoir trends and aggregation should routinely report such corrections, as the uncorrected
versions common in the applied literature may not accurately assess robustness for such time series
[14]. Our drought/wet windows were derived from previously published regional studies rather
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than being calculated directly from Euphrates basin precipitation; this design choice prioritizes
comparability with existing literature over local precision, which would require re-evaluation using
basin-specific meteorological data. The Mann-Whitney tests on raw observations compare serially
correlated repeated measurements rather than independent samples; a robustness check using
monthly resampling confirms the drought window results but not the wet window results;
consequently, the wet window results are treated as descriptive. While the Holm-Bonferroni
correction controls the family-wise error rate amidst arbitrary dependencies between p-values, a
truly rigorous treatment of overlapping windows and the basin-wide shared seasonal cycle would
require methods such as block bootstrapping or mixed-effects dependency modeling, which fall
outside the scope of this study. In prospective classification designs, fixed-threshold label
definitions require the same level of care as the Random Forest estimators themselves. The
geometric component of the buffering discussion (Section 5.3)—specifically, whether reservoir
surface area passively attenuates the WSE response to a given volume anomaly—could not be
directly tested because bathymetry or area-elevation curves were unavailable for any of the three
structures; obtaining these data (e.g., from the DSI or digital elevation models) is a concrete next
step. Finally, the DSI reservoir operation records, water release data, or irrigation withdrawal data
necessary to disentangle climatic forcing from operational management regarding the patterns
reported here were unavailable.

5.8 Independent corroboration from electricity-production data

The flow analysis derived from energy generation (Section 4.6) offers a second, physically distinct
line of evidence for the cascading linkage previously suggested by WSE cross-correlation (Section
5.1): despite relying on independent measurement systems (national electricity market metering
and satellite radar altimetry), both approaches identify a positive, lagged relationship—operating
on a similar timescale of approximately one to two months that connects the discharge of an
upstream power plant to the water level of a downstream reservoir. This convergence, also reported
for other cascading hydroelectric systems [23], reinforces confidence that the linkage reflects a
genuine hydraulic connection rather than being an artifact of either data source.

The null result from the direct upstream-downstream storage exchange test (Section 4.6) serves as
a useful corrective rather than a contradiction: a mass balance check based on a single, simple
predictor fails to recover the linkage signal because the downstream reservoir's monthly level
change also reflects its own discharge decisions, inflow from local tributaries, and evaporation—
none of which are accounted for in this analysis. A more comprehensive mass balance assessment
would require operational discharge and spillway records data that the DSI does not publish at this
resolution (Section 5.7).

Two specific caveats apply to this cross-check. First, the turbine flow estimates rely on a single,
constant overall efficiency value and an estimated rather than officially documented tailwater
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reference elevation for the Keban and Karakaya plants (Section 3.8); Both introduce uncertainty
into the absolute magnitude of Q without significantly affecting the temporal pattern upon which
the aforementioned correlations depend. Secondly, this method specifically determines turbine
oscillation rather than spillage or total flow; this partly explains why the direct mass balance test
fails to yield a clean signal.

6. Conclusion

This study, conducted using multi-decadal DAHITI satellite altimetry data for the Keban,
Karakaya, and Atatiirk dams, demonstrates that Tiirkiye's major GAP hydroelectric power plant
chain—particularly the Keban-Karakaya pair—functions as a statistically and hydraulically
strongly coupled system; the near-zero-lag correlation of this pair passes an autocorrelation-
corrected significance test. A leakage-corrected random forest classifier revealed that the status of
the upstream dam is consistently informative regarding the risk of low water levels at all three
dams. Across the paired 2016-2026 window, all three dams exhibit a nominally increasing trend
following a shared minimum around 2021-2022; this is largely consistent with independently
reported basin-wide dam drawdowns during the same period. Like the trends observed in the full
record, this trend within the paired window fails to pass an autocorrelation-robust significance test
and 1s presented here for descriptive purposes.

Drought periods documented in the literature (1999-2001, 2008—2009, 2020-2021) correspond to
times of significantly low water levels at Karakaya, and a similar pattern was observed at Keban
and Atatiirk where records overlapped with these periods; however, a statistically robust exception
exists at Atatlirk during the 2020-2021 period, which is interpreted as evidence that the system's
largest reservoir buffered a drought signal clearly visible upstream. The 2019-2020 wet period
documented in the literature exhibited a generally mirror-image pattern; rapid water surface
elevation (WSE) rises were observed in all three reservoirs (Keban +15.7 m, Karakaya +13.1 m,
Atatiirk +8.8 m). While the rise at Atatiirk was the smallest in magnitude, it remains consistent
with independently reported basin-wide increases of 4—16 m; however, this pattern did not pass the
robustness check based on monthly resampling for any of the reservoirs and is regarded as
supplementary data rather than a verified finding.

Drawing on literature regarding reservoir morphology and dam cascade safety [23, 24, 26, 27, 28],
it is assessed that concentrating the largest storage capacity at the terminal (downstream) position
of a cascade—as observed at Atatiirk—is supported by a sound engineering rationale involving the
mitigation of basin morphology effects and upstream anomalies regarding dam safety. The
inclusion of Karakaya’s reservoir area in this comparison demonstrates that surface area alone
cannot monotonically predict the observed buffering pattern; therefore, this is presented as a
testable hypothesis for future research into dam safety design, rather than a definitive explanation.
These findings support the monitoring of the Keban-Karakaya-Atatiirk system as an integrated unit
rather than on a reservoir-by-reservoir basis; furthermore, they offer specific, testable hypotheses
for future studies—particularly concerning Atatiirk’s buffering role and its potential link to the
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design of the cascade dam safety system—that would incorporate basin-specific meteorological
data, reservoir bathymetry, and DSI operational records alongside independent, freely accessible
satellite altimetry data.

Data Availability Statement

The water-surface-elevation and uncertainty time series analyzed in this study are freely available
from the DAHITI database (Deutsches Geoditisches Forschungsinstitut, Technical University of
Munich) at https://dahiti.dgfi.tum.de, target IDs 38595 (Keban), 221 (Karakaya), and 112
(Atatiirk). Hourly and monthly electricity-generation records used in the production-based cross-
check (Section 3.8) are publicly available from the EPIAS Transparency Platform at
https://seffaflik.epias.com.tr/.
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