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Abstract: Reservoir operational reliability indicates how satisfactorily the structure meets the water
demand without failure. However, due to the stochastic nature of its operation, every combination of
reservoir storage capacity and draft has an associated probability of failure (i.e., of having an empty
reservoir). The objectives of this research were to design a method to assess reservoir reliability
under present and future climate conditions, and to apply it to the Descoberto reservoir, with a
capacity of 86 hm3 and a design draft of 182.9 hm3 yr~!, located in central Brazil. The scenarios
were the historic (1986-2005) and future RCM projection ensembles (2031-2050 and 2061-2080, RCP
4.5 and 8.5). Projected runoff was obtained with the Gardner model, and the reservoir budget was
assessed by the concatenated behavior analysis (CBA). The reliability of the Descoberto reservoir,
which was 100% during the historic period, was reduced to 15-50%, depending on the future climate
scenario analyzed. The proposed adaptive measures, involving the reduction of reservoir draft and
the increase in reservoir storage, were capable of maintaining a 100% reservoir reliability under the
new climatic conditions, but with associated costs. The proposed method can be applied to other
upstream reservoirs, providing water managers and stakeholders with a simple and robust reliability
assessment and climate adaptation tool.

Keywords: reservoir reliability; climate change; operation; adaptation

1. Introduction

Water storage reservoirs provide multiple benefits, including water supply, hydropower
generation, irrigation, and flood control, and are considered viable when benefits outweigh
detrimental effects [1]. Reservoir operational reliability indicates how satisfactorily the
structure meets the water demand without failure [2,3]. However, due to the stochastic
nature of its operation, every combination of reservoir storage capacity and draft has an
associated probability of failure, i.e., of having an empty reservoir [4].

Reservoirs are often built with incomplete hydrologic information, generating opera-
tional uncertainty [5], even where large inflow series exist [6]. Regardless of the type of
storage reservoir or its mode of operation, hydrologic risk should be assessed, providing
reliable forecasts of water inflows, drafts, and storage [4].

One of the factors affecting reservoir reliability is climate variability [7], including
hydrologic persistence, characterized as a long-term phenomenon in which a sequence
of low or high inflows occurs in a cluster [8]. A sequence of six years of below-average
inflows, characterized by a Hurst coefficient of 0.66, led to a reservoir failure in Central
Brazil, despite being operated under 100% reliability [9].

Non-homogeneity in reservoir hydrologic data, such as persistence, requires the
utilization of non-classical statistics [10] and of adaptive reservoir operation [11]. In Brazil,
the ex ante probability of failure of a storage reservoir was validated by ex post reliability
data only when non-classical statistics was utilized [9]. In Australian reservoirs, water
demand was taken as 70% of the design draft and storage to avoid reservoir failure [12].
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In Vietnam, reservoir operation rules were adjusted to incorporate increases of 10-30% in
forecasted stream flows [13].

In addition to natural climate variability, future climate change can reduce reservoir
reliability [14], affecting reservoir design capacity and operation [15]. Therefore, the quan-
titative recognition of climate change effects on reservoir hydrology creates readiness to
deal with its negative consequences [16]. These effects include the expected increase in
the frequency and duration of both wet and dry extreme events [17], alteration in precipi-
tation, evapotranspiration, and flow routing [18], all affecting the attainment of multiple
reservoir objectives [19].

Evidence of future climate change impacts in hydrology is growing [20]. An increase
in 2 °C in global temperature would increase global precipitation and evapotranspira-
tion by 0.02% and 6%, respectively, augmenting global aridity [21]. As a consequence,
variations in reservoir inflows are expected, requiring reservoir operations to be adapted
accordingly [22], and the improvement of reservoir forecasts with the continuous evaluation
of its quality [23].

Hydrological projections of five river basins around the world indicates that low
(Qo59,) and high (Qs9,) flows would differ from the present values [24]. In Australia, a
significant decrease in mean annual runoff was projected for the majority of 222 storage
reservoirs and catchments between 2056 and 2090, significantly reducing their water
supply capability [12].

In the western United States, projected annual stream flows for the period of 2050-2095
would be reduced by 44-56% compared to the present conditions. In California (USA), a
decrease of 10-22% in reservoir inflows was predicted for 2020-2040, and a reduction of
24-30% for 2070-2099 [25].

Hence, reservoir adaptation strategies are needed to cope with the hydrological conse-
quences of climate change, including the alteration in operational rules [26]. In Greece, an
increase of 12-50% in reservoir storage is required to maintain the current reservoir risk
levels, depending on the GHG emission scenario [27]. In the Seine River valley in France,
reservoir storage volumes were adjusted to tackle future inflow reductions [25].

However, reservoir reliability projections are limited by the coarse spatial and temporal
scales [20] and the inherent uncertainty and bias [28] of GCM climate data, requiring
a refined and customized framework to provide locally relevant reservoir hydrologic
information [19]. This can be accomplished by downscaling GCM projections with RCMs,
providing a finer scale and a better representation of the physical processes occurring at
the watershed level [29].

Additionally, bias correction and the utilization of RCM ensembles are necessary to
render the regionalized projections closer to the reference data [30], including coherent
climatological moments, such as means and variances [31]. However, data post-processing
does not guarantee that the error will be eliminated in future climate projections, especially
if the latter is expected to change [29].

Considering the aspects above, and recognizing the need of new methodologies to
assess reservoir reliability under climate change scenarios and to establish appropriate
adaptive measures, the objectives of this study were: (a) to develop a new method to assess
the impact of climate change on the reliability of storage reservoirs; (b) to identify effective
adaptive measures to maintain adequate levels of reservoir reliability; and (c) to apply
the developed methodology to an existing water supply reservoir in Central Brazil, as an
example of reservoir reliability assessment and adaptation.

2. Materials and Methods
2.1. Reservoir Reliability and Adaptation Scheme for a Changing Climate

A six-step scheme was designed to assess the operational reliability of upstream reser-
voirs and, at the same time, to tackle the impacts of climate change, including aspects such
as reservoir characterization, hydrologic model calibration, reservoir reliability assessment,
hydrologic projection scenarios, and identification of prospective adaptative measures
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(Figure 1). In this study, only upstream reservoirs were considered, but the approach will
be adapted to cascading reservoirs opportunely.

Reservoir & watershed characterization

Runoff model calibration & validation

Reservoir reliability assessment

Hydrologic projection scenarios

Projected reservoir reliability

Identify & evaluate adaptive measures

€eCege

Figure 1. Reservoir reliability and adaptation scheme.

2.2. Reservoir and Watershed Characterization

The first step in the reservoir reliability and adaptation assessment is the characteriza-
tion of watershed and reservoir hydrology. In this stage, the reservoir characteristics, such
as the active volume, the inflow time series, and the draft and spilling rules, essential for
the reliability analysis [32], are obtained.

A detailed hydrologic characterization of upstream reservoirs and their corresponding
watersheds was presented in a previous work [9]. To exemplify this step, the characteristics
of the Descoberto upstream reservoir and its corresponding watershed, situated in Central
Brazil, are presented (Figure 2, Table 1).
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Figure 2. The Descoberto river watershed and reservoir, in Central Brazil.
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Table 1. Descoberto watershed and reservoir hydrologic and operational characteristics.

Watershed Area Reservoir Area Active Volume Mean Annual Inflow C.V. of Inflows Design Draft Environ. Flow
(km?2) (km?) (106 m®) (106 m® yr‘l) (%) (106 m?® yr‘l) (106 m? yr‘l)
430.7 12.6 86.0 251.1 19.1 163.4 19.6

Under operation since 1986, the Descoberto reservoir failed to meet its design draft
(5.2m3s71)in 2017, after a sequence of six years of below-average inflows [9] (Figure 3).
The break in the draft curve (D) in Figure 3 represents the water rationing response after
the reservoir storage reached 5% of its active volume in 2017.
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Figure 3. Annual inflow, reservoir release, and active volume of the Descoberto reservoir between
1986 and 2018, showing the reservoir failure in 2017 (break in the release line).

2.3. Model Calibration and Validation

Since mean annual runoff was used in the present analysis [2], a complex hydrologic
model, capable of estimating inter-annual variability, was not required [32]. Therefore, a
simple Budyko-type runoff model [33], designed to assess climate change impacts and
validated in 26 Australian watersheds, was selected. The Gardner model calculates mean
annual runoff as a function of annual precipitation and potential evapotranspiration [32]:

R=aP:exp(—bPET/P) €))

and
PET = 1.2 x 10 - exp (—4620/T) 2)

where R = mean annual runoff (mm yr~!); P = mean annual precipitation (mm yr~1);
PET = mean annual potential evapotranspiration (mm yr~!); T = mean annual temperature
(°K); and a and b are calibration parameters.

Since the calibration and validation of runoff models should be carried out with historic
data before climate change impact assessments [30], the calibration of parameters a and b
in Equation (1) was obtained using the odd years of a 29 yr (1987-2015) series of historic
annual precipitation, temperature, and reservoir inflows [34], using the Nash—Sutcliffe
efficiency (NSE) index [35] as the objective function and performance indicator [29,36]:

n

2 q 2
NSE=1-[} (@ -Q) /Y (@-a] ©
i=1

i=1

where Q, = observed annual inflow (mm yr’l) ; Qs = simulated annual inflow (mm yr’l);
and Qp, = mean observed inflow (mm yr‘l). The NSE index is robust, since it is more sensi-
tive than other indices to differences in observed and simulated means and variances [37].
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Once the runoff model was calibrated, it was validated using the even years of the same
29-yr reservoir inflow series [34]. The model was considered calibrated and validated when
a value of NSE > 0.5 was achieved in both the calibration and validation steps [26,38,39].
Additionally, a scatterplot analysis was used to verify how the simulated runoffs graphically
adhered to the observed values [38].

2.4. Reservoir Reliability

Reservoir reliability in both present and future conditions was assessed by the ex post
probability of reservoir failure of a sequence of operational years [9,40], namely:

Ri=1—-P;=1—N¢/N 4)

where R, = reservoir reliability; P = reservoir probability of failure; N = number of years
in which the required water demand was not met (empty reservoir); N = number of years
in the time series.

To calculate the reservoir storage at any given year, the concatenated behavior analysis
(CBA), a mass balance equation of inflows and outflows from a finite storage, was applied
on a yearly basis, starting with a full reservoir at the beginning of the first year of the time
series. Considering that the reservoir storage at any time t is limited between zero (dead
storage) and c (reservoir capacity), the annual reservoir water budget equation is [2,32]:

St = max [0; S;_1+ Xy — Dy, ] 5)

where S; = reservoir volume at the end of year t (10° m3); S;_; = reservoir volume at the
end of year t_; (10 m3); X; = inflow at year t, adjusted for reservoir evaporation (loss)
and precipitation (gain) over the lake (10° m?); Dy = total water demand (draft) at year t
(10° m3); and ¢ = reservoir capacity (10 m3). Reservoir release at year t (R¢) is given by [2]:

R¢ = min (St—1+ X¢, Dy) (6)
Finally, annual reservoir spill W¢ (10° m?) is simply [2]:
Wi=51 — St +X¢ — Ry @)

Equations (5)—(7) were programmed in an electronic spreadsheet, where the reservoir
volume (S;) was obtained at the end of a given year of the tine series. The probability of
failure and the corresponding reservoir reliability (P; and R; in Equation (4), respectively)
were then calculated for all years in the series.

2.5. Hydrologic Projection Scenarios
2.5.1. RCM Projections and Ensembles

To reduce uncertainties and bias in the climate projections at the watershed scale,
an ensemble of RCM temperature (T) and precipitation (P) was obtained from the RCM
Eta [40], using inputs of four GCMs (BESM, CanESM2, HadGEM-2, MIROC), including the
historic (1987-2005) and two future periods (2031-2050 and 2061-2080), the latter using the
IPCC’s RCP 4.5 (medium) and 8.5 (high) emission scenarios [41].

The Eta-RCM [41] has a 20 km grid size, providing the necessary spatial variability for
the Descoberto watershed and reservoir system [29] (Figure 4). In order to obtain the mean
annual T and P of the historic or future period, an average value was calculated for all grid
cells covering the watershed and reservoir for each individual downscaled GCM (BESM,
CanESM2, HadGEM-2, MIROC) projection. Subsequently, a simple ensemble mean [41,42]
of T and P was obtained from the four downscaled RCMs, for each year of the historic and
future series.
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Figure 4. Examples of RCM annual temperature (top) and precipitation (bottom) ensembles in the
Descoberto watershed, in the future (2045) and historic (2005) scenarios, respectively.

2.5.2. Bias Correction of P and T

The bias in T and P of the ensemble historic projections with respect to the observed
data was corrected (post-processed) with a parametric equation, so that the first two
moments (mean and variance) of the distribution of the corrected projection matched the
moments of the observed data. The parametric bias-correction equation was [31]:

Y=o+ B Ym @)

where: Y,, = the best estimate of P or T, Yi, = the projected (modeled) value P or T; and «
and {3 are parameters.
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2.5.3. Projections of Reservoir Inflows and Watershed Water Budget

Once the annual T and P means of the ensemble RCMs were post-processed, runoff
data for the historic (1986-2005) and future (2031-2050 and 2061-2080) periods, in both the
RCP 4.5 and 8.5 scenarios, were calculated using the calibrated runoff model
(Equations (1) and (2)). The computed annual reservoir inflows where then utilized as
inputs to the CBA reservoir budget (Equations (5)—(7)) to assess reservoir reliability in the
present and future scenarios.

2.5.4. Comparison of Historic and Future Climate and Hydrology

In order to statistically assess the variation in the climatic (P, T) and hydrological (Q,
PET) variables between the historic and future scenarios, the non-parametric Mann-Whitney
test [43] was utilized, because of its robustness with respect to non-normal and unbalanced
data [44].

2.6. Reservoir Adaptation Measures

To mitigate the hydrologic impacts of climate change in the different scenarios, reser-
voir adaptation measures included a combination of operational and structural methods,
such as reduced water demand [15] and increased reservoir storage [45], respectively,
aiming at 100% reservoir reliability (P¢ = 0%) (Table 2).

Table 2. Potential measures for reservoir adaptation to climate change.

Measure Type Source
Draft reduction Operational [15]
Increased reservoir storage Structural [46]
Sedimentation management Operational [47]

Therefore, if, in any given climate scenario, a non-zero probability of failure occurred
in the reservoir budget analysis, two adaptation measures were considered: (a) reduction
of reservoir demand (draft); and (b) a combination of increased reservoir capacity and
demand reduction. In both cases, the downstream environmental flow (17.2 x 10° m3 yr~1)
was maintained at all times, as part of the reservoir release volume.

In the case of the water demand reduction measure, the annual draft (D; in Equation (6))
would be reduced by trial and error until no reservoir failure occurred. On the other
hand, the increase in reservoir capacity was achieved by raising the concrete dam spill-
way and embankment of the Descoberto reservoir by 1.0 m, resulting in an increase of
14 x 10° m3 (16%) in the reservoir capacity. Since the selection of the best adaptation
alternative would result from additional economic and environmental feasibility analyses,
which was beyond the scope of the present research, only the hydrological aspects of
adaptation were addressed in the study.

3. Results
3.1. Runoff Model Calibration and Validation

Figure 5 shows the scatterplot of the runoff model calibration and validation, using
historic (1986-2005) observed and simulated data. The calibrated model parameters a & b
in Equation (1) were 0.585 and 0.325, respectively. The NSEs for calibration and validation
were 0.50 and 0.55, respectively, with an overall NSE of 0.53.

3.2. Bias Correction of Climate Data

The observed, modeled, and bias-corrected annual temperature and precipitation of
the Descoberto basin in the historic (1985-2005) period are presented in Figure 6.
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Figure 5. Scatterplot of runoff model calibration and validation in the historic (1987-2015) period.
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Figure 6. Observed (0), modeled (m), and bias-corrected (mc) annual temperature (T) and precipita-
tion (P) of the Descoberto basin in the historic (1985-2005) period.

3.3. Climate Projections and Climate Change

The means and coefficients of variation of the mean annual temperature and precipita-
tion of the historic and future periods are presented in Table 3, highlighting the statistical

significance of the climatic change between the present and future scenarios.

Table 3. Means and coefficients of variation (CV) of annual precipitation (P) and temperature (T) in
the future climate scenarios, and the significance of climate change with respect to the historic period

(** and *** indicate significance at 95% and 99%, respectively).

Period Scenario P (mm) CV [P] T(CC) CV I[T]
1986-2005 HIS 1474.3 0.16 21.0 0.01
RCP 4.5 1082.0 *** 0.40 22.8 *** 0.01
2031-2050
RCP 8.5 1178.6 ** 0.44 23.2 *** 0.02
RCP 4.5 1082.4 *** 0.54 23.6 *** 0.01
2061-2080
RCP 8.5 886.1 *** 0.55 25.3 *** 0.02
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3.4. Hydrologic Projections and Impacts in Reservoir Hydrology

The projections of future reservoir inflows and potential evapotranspiration, in the
different climate scenarios, and the corresponding hydrologic change with respect to the
historic conditions, are presented in Table 4.

Table 4. Means and coefficients of variation (CV) of annual inflow (Q) and potential evapotranspira-
tion (PET) in the different climate scenarios, and the significance of hydrologic change with respect to
the historic period (** and *** indicate significance at 95% and 99%, respectively).

Period Scenario Q (mm) CV [Q] PET (mm) CV [PET]
1986-2005 HIS 580.0 0.23 1810.8 0.01
RCP 4.5 356.0 *** 0.63 1993.1 ** 0.02
2031-2050
RCP 8.5 404.2 ** 0.69 2036.1 *** 0.02
RCP 4.5 354.1 ¥** 0.88 2074.0 *** 0.01
2061-2080
RCP 8.5 2443 *** 0.97 2274.8 *** 0.03

3.5. Reservoir Reliability in the Historic Period

The reservoir water budget in the historic period (1986-2005), with the design draft
of D = 182.9 hm? yr~!, is presented in Figure 7. In the historic period, the probability of
failure was zero (R = 100%), since the reservoir storage was always positive, meeting the
water demand during the entire period.

HIS 1986-2005 (D = 182.9 hm3 yr—1)

1990 1995 2000 2005

Figure 7. Reservoir budget in the historic period (1986-2005), with the design draft of D = 182.9 hm? yr—1.
I = inflow; R = reservoir release; W = reservoir spill; S = reservoir storage.

3.6. Reservoir Reliability in Future Scenarios

The reservoir budget in the 2031-2050 period (RCP 4.5 and 8.5 scenarios), using the
design draft of D = 182.9 hm? yr~1, is presented in Figure 8. Figure 9 shows the budget in
the period 2061-2080 (RCP 4.5 and 8.5).
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Figure 8. Reservoir budget in the period 2031-2050 RCP 4.5 (top) and RCP 8.5 (bottom), using
the design draft of 182.9 hm? yrfl. I = reservoir inflow; R = reservoir release; W = reservoir spill;
S = reservoir storage.
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Figure 9. Cont.
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Figure 9. Reservoir budget in the period 2061-2080 RCP 4.5 (top) and RCP 8.5 (bottom), using
the design draft of 182.9 hm?3 yr‘l. I = reservoir inflow; R = reservoir release; W = reservoir spill;
S = reservoir storage.
As opposed to the historic period, where no reservoir failures occurred when the
design draft was utilized, the Descoberto reservoir would fail in all future scenarios, since
a P¢ < 0 was observed in all projections (Table 5).
Table 5. Mean reservoir release, number of years of failure, probability of failure (P¢) and reliability (R)
of the Descoberto reservoir in the historic and future scenarios, with a draft (D) of 182.9 hm? yrfl.
Period Scenario Mean Release (hm® yr-1) % Bfrg:ig' No. of Failures ((I;:) (50')
19862005 HIS 1829 100.0 0 0 100
RCP 4.5 1313 71.7 15 75 25
2031-2050
RCP 8.5 1429 78.1 10 50 50
RCP 4.5 121.8 66.6 17 85 15
2061-2080
RCP 8.5 93.3 51.0 16 80 20
3.7. Reservoir Reliability with Climate Change Adaptation
The Descoberto reservoir water budgets for future scenarios, using structural and
operational adaptation measures, are presented in Figures 10-13, for the 2031-2050/RCP
4.5,2031-2050/RCP 8.5,2051-2080/RCP 4.5, and 2051-2080/RCP 8.5 scenarios, respectively.
Table 6 lists the adaptive reservoir drafts and storage obtained in each scenario, with the
corresponding reliabilities and probabilities of failure.
Table 6. Adaptive drafts and additional reservoir storage in each of the future climate scenarios, and
the resulting probability of failure and reliability.
Period Scenario Adaptive Draft (hm® yr-1) % of Original Draft Additional Storage (hm®) (};(f) (1;0')
97.0 53.0 0 0 100
RCP 4.5
99.0 54.1 172 0 100
2031-2050
99.0 54.1 0 0 100
RCP 8.5
101.0 55.2 17.2 0 100
88.0 48.1 0 0 100
RCP 4.5
89.7 49.0 172 0 100
2061-2080
62.0 33.9 0 0 100
RCP 8.5
64.5 35.3 17.2 0 100
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RCP 4.5 2031-2050 (Sa= 17.2 hm3; D = 99.0 hm3 yr—1)

Figure 10. Adaptive reservoir water budget in the period 2031-2050 (RCP 4.5), using a draft of
97 hm3 yr~! (top), and additional storage of 17.2 hm3 and a draft of 99.0 hm3 yr~! (bottom).
I = reservoir inflow; R = reservoir release; W = reservoir spill; S = reservoir storage.
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Figure 11. Cont.
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500

RCP 8.5 2031-2050 (Sa=17.2 hm3,; D=101.0 hm3 yr—1)

Figure 11. Adaptive reservoir budget in the period 2031-2050 (RCP 8.5), using a draft of
99 hm? yr‘1 (top), and an additional storage of 17.2 hm? and a draft of 101.0 hm?3 yr‘1 (bottom).

I = reservoir inflow; R = reservoir release; W = reservoir spill; S = reservoir storage.

RCP 4.5 2061-2080 (D=88.0 hm3 yr—1)
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500

RCP 4.52061-2080 (Sa=17.2 hm3; D=89.7 hm3 yr—1)
600

500

Figure 12. Adaptive reservoir budget in the period 2061-2080 (RCP 4.5), using a draft of
88 hm? yr~! (top), and an additional storage of 17.2 hm? and a draft of 89.7 hm? yr~! (bottom).

I = reservoir inflow; R = reservoir release; W = reservoir spill; S = reservoir storage.
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RCP 8.5 2061-2080 (D=62.0 hm3 yr—1)

RCP 8.5 2061-2080 (Sa=17.2 hm3; D=64.5 hm3 yr—1)

Figure 13. Adaptive reservoir budget in the period 2061-2080 (RCP 8.5), using a draft of
62 hm? yr~! (top), and an additional storage of 17.2 hm? and a draft of 64.5 hm? yr~! (bottom).
I = reservoir inflow; R = reservoir release; W = reservoir spill; S = reservoir storage.

4. Discussion
4.1. Runoff Model Calibration and Climatic Bias Correction

As indicated by the NSE > 0.5 in both calibration and validation steps, and by the
good adherence between the observed and modeled data in Figure 5, the runoff model
was successfully calibrated and validated [38]. Additionally, the post-processed climate
data significantly reduced the bias of the RCM historic temperature and precipitation,
given by the improvement in their means, medians, quartiles, and standard deviations
(Figure 6). This post-processing is expected to reduce the uncertainty and bias of future
RCM projections used in the study [31]. In spite of the calibrated model and the climate
bias correction, the inherent RCM/GCM uncertainties could affect future hydrological
projections [29], requiring that water managers use them with caution [48].

4.2. Climate and Hydrology Projections

The results of the Mann—Whitney test (Table 3) indicate that there would be a sta-
tistically significant rise in mean annual temperature (between 1.8 and 4.3 °C) and a
significant decrease in annual rainfall (between 295.7 and 588.2 mm), relative to the historic
period, representing a climatic change for all future scenarios. Generally, the farther the
period and higher the emission scenario, the greater the change in P and T, except for the
RCP 8.5 2031-50 scenario, whose changes were the smallest. Similar changes (increases of
up to 4 °Cin T and decreases of up to 800 mm in P) were reported in another study carried
out in central Brazil [49].
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In the case of future hydrology, the means of the projected inflow and potential evap-
otranspiration followed the same trends observed in P and T, i.e., statistically significant
reductions in Q and significant increases in PET, since the latter are affected by the former
(equations 1 and 2). Hence, mean annual inflows would be reduced between 175.8 mm and
335.7 mm, representing a decrease of 30.3% and 57.9%, respectively, with respect to the
historic inflow mean.

In the case of PET, increases were between 182.3 mm and 464.0 mm, representing 10.0%
and 25.6% of the historic mean, respectively. Similar reductions in projected streamflow
(13.9% to 72.4%) and increases in projected PET (7.1% to 19.2%) were reported for a different
basin in the same region of Brazil [50].

4.3. Reservoir Reliability in the Historic Period

As indicated in Figure 7, the Descoberto reservoir operation in the historic period
(1986—2005) had a 100% reliability (P¢ = 0), since reservoir storage was greater than zero
during the whole period. Under those conditions, the water demand of 182.9 hm? yr~!
(design draft plus environmental flow) was fully met by the reservoir, without failure.

In an earlier study of the Descoberto reservoir using observed inflow data during
the same period [9], a 100% reliability was also obtained. Reservoir failure occurred only
12 years later, in 2017 (Figure 2), confirming that severe climatic variability, such as low
inflow persistence, could affect reservoir reliability [2].

4.4. Reservoir Reliability in Future Climate Scenarios

As opposed to the 100% reliability the historic period (1986-2005), the Descoberto
reservoir would not meet the design draft in all future scenarios (Table 5), experiencing
extensive empty periods (S = 0, shown in Figures 8 and 9).

Reservoir failures in future climate scenarios would result from a combination of
reduced precipitation and increased temperature (Table 3), causing higher evapotranspi-
ration and lower runoff (Table 4). As a consequence, the probability of failure of the
Descoberto reservoir in the four climate scenarios would vary between 50% and 85%, with
a corresponding reliability of 50% and 15%, respectively (Table 5).

These low reliabilities in future scenarios indicate that the reservoir would not perform
as originally intended under climate change conditions, requiring new operating rules
and strategies. Anticipating future reservoir failures due to climate change, Australian
managers reduced drafts from dams between 10% and 50% [12]. In Vietnam, the impact
of climate change would significantly affect the rule curves (including draft) of small-to-
medium reservoirs (¢ < 200 hm?) but not of large (c > 1000 hm?) ones [13].

As observed in Figures 8-13, the last five years of the time series showed a peak in
the reservoir inflows as a consequence of increased precipitation in the period. An auto-
correlation analysis [45] performed in those time series indicated that all inflow projections
had a significant auto-correlation in lag 1, with a gradual decrease in lags 2-3, confirming
the presence of persistence of high flows in all projections [51], a result of the increased
precipitation and groundwater carry-over [52].

Since persistence was previously detected in the historic inflow series of the Descoberto
reservoir [9], and considering that projected streamflow series shall exhibit similar distribu-
tional and non-homogeneous attributes to past series [10], the inflow peaks observed in
Figures 8-13 were expected.

4.5. Reservoir Adaptation to Climate Change

As indicated by Figures 10-13, the two proposed adaptation measures avoided the
emptying of the reservoir, resulting in a 100% reliability (P¢ = 0%) in all future scenarios.
The trade-off was that the reservoir draft had to be reduced (measures 1 and 2), and the
storage increased (measure 2). These types of operational and structural measures have
been successfully utilized elsewhere to tackle climate variability and climate change [15,45].
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The magnitude of the reduction in reservoir drafts (Table 6) reflects the severity of the
future climate projection, i.e., the lower the future reservoir inflow, the lower the adaptive
draft. The latter varied between 33.9% and 55.2% of the reservoir design draft (182.9 hm?),
significantly reducing the water supply from the Descoberto reservoir. When increased
storage was considered, the corresponding drafts would be about 2% higher than those
with no incremental capacity, allowing water managers to choose between the two options
after an appropriate economic feasibility study, not considered in the present analysis.

5. Conclusions

A six-step reservoir reliability and adaptation analysis was developed to assess and to
tackle the impacts of climate change. Using a simple rainfall-runoff model to transform
future downscaled climate data into reservoir inflows and a reservoir budget routine to
assess reservoir reliability, the method was applied to an upstream reservoir in central
Brazil, in different post-processed climate scenarios.

In the historic scenario, the Descoberto reservoir showed a 100% reliability, meeting
the design draft of 182.9 hm3 yr—!. However, in future climate projections, with significant
increases in temperature and reductions in precipitation and reservoir inflows, reservoir
reliability would decrease between 15% and 50%.

In order to avoid an empty reservoir and the consequences thereof, the utilization of
adaptive operational (draft reduction) and structural (storage increase) measures would
reduce the probability of reservoir failure and maximize its reliability. This would result in
associated costs, not analyzed in the present study.

The simplicity of the proposed method and its wide applicability provide a useful
and strategic tool to assess and to tackle the climate threats affecting upstream reservoirs,
allowing water managers and stakeholders to adapt accordingly.
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