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Abstract. Water is accumulated in reservoirs to adapt in1 Introduction
time the availability of the resource to various demands like

hydropower production, irrigation, water supply or ecolog- \, i oot ohmante yield most of the European hydroelec-

ical cpnstramt_s ' _Determ|n|st|c dynamic programming ret_ro- tric production (Eurelectric gives ca. 140 TWh for Scandi-
spectively optimizes the use of the resource during a given

time period. One of its by-products is the estimation of navia and the Alps and refers to the “blue battery” of Eu-

the marginal storage water value (MSWYV), defined by therOpe)'.At.hlgh elevation (and/or latitude), spatial a}nd tem'po
. , . ral variations of the snowpack make the hydrological regime
marginal value of the future goods and benefits obtained from_, . . : . _
o : of rivers highly seasonal with low and high flows in the
an additional unit of storage water volume. Knowledge of thesnow accumulation and snowmelt seasons respectively. On
MSWYV makes it possible to determine a posteriori the stor- P Y-

. the other hand, the electricity demand is also highly seasonal,

age requirement scheme that would have led to the best equi-. . . . .

L \)/wth consumption peaks that mainly occur during the winter

librium between the resource and the demand. The MSW . o

; . (e.g. Schaefli et al., 2007). The temporal deviations between

depends on the water level in the reservoir and shows seg; :
. . . he resource and the demand can be balanced with storage

sonal as well as inter-annual variations. This study uses the : : ;

; . and release operations, transferring the resource in excess at

inter-annual average of both the storage requirement scheme _. . : e -

.a given time to times when it is insufficient. Most water stor-

and the MSWV cycle as signatures of the best temporal equi- e reservoirs in Europe were desianed and are manaaed to
librium that is achievable in a given resource/demand contex 9 P ; 9 ged
alance these two seasonal signals. Many of these reservoirs

(the cllmatolog!cal equilibrium). qu a S|mp'I|f|ed water re- are not only dedicated to hydroelectricity production but are
source system in a French mountainous region, we character-

. . . assigned other management objectives, related for instance
ize how and why these signatures change should the climat; 9 g )

T . £ low flow maintenance, irrigation and drinking water sup-
and/or the demand change, mainly if changes are prOjecteSC:y (Loucks et al., 2005). In multi-purpose configurations,

in Fhe mean regional temper_a ture (increase) and/or precipifhe time profile of the day-to-day storage levels resulting
tation (Qecrease) as yvell as in the we}tgr demand for. eNeT9¥ om storage and release operations aims at the best possible
production and/or maintenance of a minimum reservoir Ievel'socio-economic equilibrium between water inflows and wa-
Results show that the temporal equilibrium between waterter demands. This optimal storage requirement scheme (for
resource and demand either improves or degrades dependin '

. . ) Bnciseness also denoted as storage scheme) is thus a sig-
on the considered future scenario. In all scenarios, the sea-

) . hature of the best temporal equilibrium between the natural
sonality of MSWV changes when, for example, earlier wa- . . :
. . . o ) resource and the demand under a given climate, which we
ter storage is required to efficiently satisfy increasing SUM- | climatoloaical equilibrium
mer water demand. Finally, understanding how MSWYV sig- 9 9 .

. Significant regional changes are expected worldwide for
natures change helps to understand changes in the stora%e : L
. e next decades as a result of climate change. This will be
requirement scheme.

especially the case for the hydrological regime of mountain
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rivers. Warmer temperatures are expected to reduce the ranother given the constraints. We propose the mean inter-
tio of snow to rainfall and shorten the snow accumulationannual pattern of MSWV as an alternative signature of the
period. The spring snowmelt is expected to reduce and taoesource/demand disequilibrium. We also look at how these
shift earlier in the year by two weeks to one month (Schnei-signatures are modified by changes in climate or demand.
der et al., 2013; Lafaysse et al., 2014). Warmer temperature¥/e compute both signatures under the present climate and
are also expected to increase the demand for irrigation waa set of future climate scenarios, for a simplified water re-
ter (Rosenberg et al., 2003; Rosenzweig et al., 2004) and tsource system with a single storage reservoir. This system is
modify the seasonal pattern of electricity demand, with lowera catchment located in the Southern French Alps. We anal-
consumption for heating during the winter and greater needyse the signature sensitivity to a mean regional temperature
for cooling during the summer (Alcamo et al., 2007; Hekken- increase, a precipitation decrease and both together. We also
berg et al., 2009). As a result, climate change is expected texplore the influence of the nature of water demand on both
modify the seasonal equilibrium between water availability signatures (energy production and water level maintenance).
and demand (Raje and Mujumdar, 2010). The paper is organized as follows. Section 2 briefly de-
A number of recent studies have explored the potentialscribes how the MSWV are estimated and how they are
impact of climate change on water systems (e.g. Gaudardised for the determination of the storage scheme. Section 3
et al., 2013). They are mostly based on the simulation ofpresents the simplified water resource system, the data and
the management system over future periods and the statishe simulation models considered in the application to the
tical analysis of simulation outputs in terms of system per-Upper Durance River (France). It also describes the fu-
formance. The simulation is classically based on day-to-dayture climate scenarios considered in this work. The stor-
system operation scenarios obtained with either simple manage scheme of this system is presented and discussed in
agement models, based on rule curves or balance equatior®ect. 4. The inter-annual pattern of MSWV through the
(Veijalainen et al., 2010; Ashofteh et al., 2013), or more so-calendar year for the present and future climates are pre-
phisticated models mimicking a real operational context (e.gsented and discussed in Sects. 5 and 6, when they are inter-
Minville et al., 2009; Raje and Mujumdar, 2010; Vicufia et preted as signatures of the climate change. Section 7 presents
al., 2010). System performance is estimated using synthetithe conclusions.
criteria such as the mean benefit from hydropower or agricul-
tural production or the RRV criteria (Reliability, Resilience,
and Vulnerability), a statistics of system failures such as day- Storage water values and storage requirement scheme
to-day deviations between the effective supply and the de-
mand (Hashimoto et al., 1982; Moy et al., 1986). InterpretingThe optimal storage requirement scheme is the day-to-day
those performance criteria is not an easy task since (i) theygtorage level required over the analysis periad fy] to
may combine resource and demand modifications togethereach the best possible equilibrium between water resource
with management adaptability issues and (ii) they summaand demand, given operational constraints. This scheme
rize behind a single value quite complicated time patternsmaximizes over the period the sum of the benefits at each
— namely, they cannot inform whether the tested managetime stepr; of the analysis period, plus the benefit expected
ment rules have to be modified or whether any better rulefrom the water remaining in the reservoir at the end of the pe-
exist, nor can they describe the possible modification of theriod. The benefit function for any time step, further referred
temporal resource/demand equilibrium over the consideredo as the “current” benefit function, can be expressed as a
period, even though understanding the time patterns behingieighted sum of the benefits and costs over different water
such modification is likely to highlight the reasons for change uses or management objectives. This function thus reads as
in the system performance.
In the present work, we use the mean inter-annual patterry (uz,-,st,-,ti) = chgj (Mz,-,sz,- , ti)» (1)
of the storage requirement as a first signature of the evolu- i
tion of the climatological resource/demand equilibrium. We
also consider the marginal value of storage water (MSWV)whereg; is a function representing the monetary benefits and
representing the future benefit that would be obtained at anyosts associated with the different services by operatjon
given time from an additional unit of water volume stored at the storage leve}, during [;, #,+1] andc; is a weighting
in the reservoir. We estimate it as a by-product of determin-constant defined according to the priority level assigned to
istic dynamic programming (Masse, 1946; Bellman, 1957).use;.
The variations of MSWV with time for different levels in For each time step, an immediate use of water reduces
the reservoir drive the day-to-day storage scheme required tthe availability of stored water for all future water uses. The
maximize a chosen benefit function coupling water inflows, current benefits must therefore be balanced against losses in
demand and constraints. They provide a quite detailed defuture benefits. Identifying the optimal storage variation at
scription of the role played by the reservoir in redistribut- the current time step requires knowing the marginal value
ing the water throughout the year and from one year toof storage water (MSWYV) in the reservoir from the current
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to recreational activities on the lake, drinking and irrigation
water supply and to the preservation of downstream ecolog-
ical integrity. Contrary to most French mountain basins of
this size, there are no significant reservoirs built along the
UDR and its discharges are thus almost natural. The local cli-
mate is much drier than in the northern French Alps (Durand
et al., 2009) due to the Mediterranean influence and to the
protection from oceanic disturbances provided by the high
Ecrins Mountains (Fig. 1). With elevations ranging from 700
to 4100 ma.s.l., the catchment presents highly seasonal flows
due to snow accumulation and melt. Winter low flows can
last 3 months or more. Long low flow sequences are also fre-
quently observed in late summer and fall. During these sea-
sons and when the precipitations are negligible, such a low
flow episode can last several weeks after the end of the snow-
covered period. Major floods are often observed in fall with
ky intense rainfall events (Lafaysse et al., 2011).

We consider a simplified water resource system inspired
Figure 1. Map of the Durance River watershed. Serre-Poncon reserby the real UDR system with two basic uses: hydroelec-
voir is the outlet of the Upper Durance River watershed. tric production (HEP) and maintenance of a minimum wa-

ter level in the reservoir lake during the summer season for

) ] o ) _ . recreational activities (Reservoir Level Maintenance denoted
time step to the next. MSWV estimation is detailed within ;¢ RLM). We chose HEP and RLM because these two objec-
Appendix A. _ _ tives present important differences in terms of adequacy with
_ Asshownin Appendix A and discussed below, the MSWV e \yater resource availability and are important for the real
is time and storage level dependent. It can be obtained a PO%ystem of Serre-Pongon.
teriori as a by-product of deterministic dynamic program- ~ g penefit function used in Eq. (1) for the determination
ming, an optimization method developed for multistage dy- ¢ MS\WV is the sum of the possible benefits from HEP as

namic decision processes. In our case, MSWV values ar@efineq by Eq. (2) and benefits from RLM during a summer
estimated for the whole analysis period at a daily time stepgaa50n as defined by Eq. (3):

for 51 storage levels uniformly distributed between the min-
imum and maximum storage boundsn andsmax. At any  gnep (s, s, 1) = HEPL ugr(s,), 2
given day, these MSWYV can be used in a second optimization
stage to identify the optimal storage variation given the cur-Whereu;; in m?s ! is the discharge released from the reser-
rent water storage in the reservoir. For a given storage leveYoir for HEP, HEPI is the daily interest of HEP in value units
at the beginning of the analysis period, the forward day-to-KWh™* (see Sect. 3.4) andis the hydropower production
day optimization process therefore gives the optimal storagé&oefficient in kWh m3 which depends on the water head in
requirement scheme for the whole analysis period. the reservoir:

In the following, the MSWYV is expressed in relative value ¥ 2
units per cubic metre denoted as SWV¥n gRLM (s1,.11) = K [1_ b{max(s* —s,.0)} ]

River Network

Upper Durance River
Middle Durance River
] Lower Durance River

>z

% r,/;,/ .
L
s Chieionhe g ”////" S (//

Va

if # € summer season . (3)
grLm (sy,. 1) =0 if not

In Eg. (3), K is the maximal value of daily benefit (value
3.1 Catchment characteristics and experimental setup ~ Units) that can be obtained during the summer period. It is
achieved as soon as the storage is greater than a threshold
The Upper Durance River (UDR) basin at Serre-Poncon is a* =85 % of the storage capacity, the volume below which
meso-scale basin (3580 Kinlocated in the southern French recreational activities are expected to be reduced. The cor-
Alps (Fig. 1). Its outlet is the Serre-Poncgon reservoir, a stor-responding decrease in RLM benefit is assumed to be a
age reservoir that is part of a large hydroelectric system op<guadratic function of the difference between the actual wa-
erated by Electricité de France (EDF). It plays a key roleter storage and*. In Eq. (1), the values of the weighting
in the energy supply of the Provence region, which extendsparameters; are referred to aggp andcrom for the HEP
from the Alps to the Mediterranean shore. This region, whichand RLM objectives respectively and set either to 1 when the
is connected to the rest of the French electric network byobjective is considered or to O when it is not.
a unique line, is limited in terms of energy imports. Serre- In the water balance of the reservoir, the only input
Poncon reservoir objectives and constraints are also relatednd output discharges are respectively the inflow from the

3 Case study and data
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upstream UDR basin and the optimized water release. DirecB.2 Climate scenarios
precipitations to the reservoir and evaporation from the reser-
voir are neglected. Their inter-annual means are actually ofThe observed precipitation and temperature data for the
the same order, and the net balance between both terms K70-1999 control period are obtained from the daily me-
less than 1% of the mean river discharge into the reservoiteorological reanalyses developed by Gottardi et al. (2012)
(Vachala, 2008). for French mountainous regions. The reference discharges to
In France, like in many countries where hydropower is notthe reservoir for the control period are those obtained from
dominant, hydroelectric production is used to replace moreCEQUEAU simulations.
expensive power generation facilities and the objective is to The local-scale time series of temperature and precipita-
minimize the expected sum of other energy production costdion for the future climate period 2070-2099 are obtained by
for the national network as a whole. In this study, we con- perturbing the observed time series of the control period in a
sider a simplified daily interest of HEP estimated from a lo- similar way to Horton et al. (2006). Six synthetic regional cli-
cal daily temperature index (see Sect. 3.3) and the benefitsiate change scenarios are defined as an absolute change of
are optimized for the system independently from other con-the mean annual temperature and as a relative change of the
siderations of the energy production costs. In addition, sumimean annual precipitation. The magnitude of these changes
mer RLM is a priority objective: an empirical guideline curve is derived from a suite of climate modelling experiments con-
is used for reservoir operations (applied mostly in the springducted in the EU PRUDENCE project (Christensen, 2004)
season) and HEP optimization roughly applies to the watefor SRES scenario A2 (Nakicenovic et al., 2001). It roughly
inflows that are not needed to satisfy the RLM objective.  corresponds to the 50th and 90th percentiles of changes es-
However, it is expected that an increase of future en-timated by the climate model experiments, representing re-
ergy costs will increase the interest of HEP and, as a conspectively a 10 and 20 % decrease in precipitation and a 3
sequence, benefits from recreational activities will be bal-and 5°C increase in temperature.
anced with respect to benefits from HEP (or with respectto Control and future hydrological regimes obtained from
the reduction of other production costs allowed by the useCEQUEAU simulations for these scenarios are presented in
of HEP). In this study, a benefit function (Eq. 3) is there- Fig. 2. A temperature increase leads to reduced snow accu-
fore used for RLM instead of a rule curve. This provides a mulation in winter and an earlier melting season. This in turn
rough estimate of the marginal value of storage water to satinduces a higher winter low flow and a lower snowmelt flood
isfy the RLM objective. Recreational benefits are expressegeak (Fig. 2, left). The snowmelt flood peak shifts by one
as a function of water storage in the reservoir, similarly to month for the warmest scenari¢$ °C). Besides this change
Ward et al. (1996). However, our formulation does not in- in flow seasonality, an increase in temperature also leads to
clude information about tourist affluence due to the lack ofa slight reduction of the mean annual inflow to the reservoir
appropriate data in the region. The valuefofin Eq. (3) is  due to increased evapotranspiration losses in summer (up to
chosen so that the maximum benefit obtained from RLM is 0f22 % for the+5°C scenario). Without temperature change,
the same order of magnitude as the one obtained from HERrecipitation change scenarios modify the magnitude of the
if they were considered separately. This makes it possible tdydrological cycle (Fig. 2, middle). The mean inter-annual
analyse a double-objective configuration with objectives ofdaily discharges decrease with the mean inter-annual precip-
equivalent economic value, a situation that could occur in thetation, except for the winter period during which flows are
future. sustained by deep underground storage. The large decrease
The inflows to the reservoir are modelled with CEQUEAU of the snowmelt flood peak is the result of a smaller snow-
(Morin et al., 1975), a semi-distributed hydrological model pack extent and thickness, induced by less winter to spring
already applied by EDF for previous climate change impactsolid precipitation.
studies on different mesoscale French basins. Snow accu- Scenarios with both precipitation and temperature changes
mulation and melt, effective rainfall, infiltration and evap- lead to a modification of the hydrological regime that roughly
otranspiration fluxes are estimated for each of the 99 subeombines the modifications previously discussed for temper-
basins from daily series of mean areal precipitation and surature change (mainly modification in seasonality) or precipi-
face air temperature. The discharges produced by all hydrotation change alone (mainly modification in mean discharge).
logical units are routed through the river network to pro-
duce the total water inflow into the reservoir. The CEQUEAU 3.3 Economic interest of hydroelectric production
model of UDR has been calibrated and validated by Bourqui
et al. (2011) with a split sample test procedure. The Nash-A detailed representation of electricity prices is difficult to
Sutcliffe efficiency criterion (Nash and Sutcliffe, 1970) is simulate because of the complex interaction with other en-
0.86 for the 19812005 calibration period and 0.83 for theergy production means and the high variability of the en-
1959-1981 validation period. ergy market. However, electricity prices in France tend to
be higher for periods of high electricity consumption. More-
over, electricity consumption is higher during the cold season
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Figure 2. Mean inter-annual cycles of daily inflow to the reservoir for control data (black curve in all graphics, period 1970-1999) and two
future meteorological scenarios (with prescribed changes of the mean annual tempar&juaad precipitation4 P) over the period 2070—

2099). Left: changes in mean annual temperature only. Middle: changes in mean annual precipitation only. Right: changes in both annual
precipitation and temperature. The control hydrological regime is obtained from CEQUEAU simulations with the observed meteorological
times series of the 1970-1999 period.

and highly correlated with the daily time variations of re- 12
gional temperatures below an approximate heating thresh-

old Theat= 15°C that governs heating demand. As a result, a 10
convenient formulation for the daily interest of HEP (HEPI)

can be based on daily regional temperatures (Paiva et al., 8-

2010). The electricity consumption is assumed to linearly de-
crease with the temperature up to a given threshold and to
remain constant above this threshold.

In a future climate with higher summer temperatures, an
additional demand for hydroelectric production is expected
for cooling purposes. The daily HEPI expected in the future
during the hot season is assumed to linearly depend on re-
gional temperatures above a cooling threshigh = 25°C
(Buzoianu et al., 2005). In the following, the daily HEPI J
is therefore defined as a piece-wise linear function of daily
temperature:

6 ] —

V.kWh ™!

Figure 3. Mean inter-annual cycles of the interest hydroelectric pro-
duction (HEPI) for the control period and two different future sce-

HEPI, = HEPl + HEPh. (Theat— T;) if T;;, < Theat narios of annual temperature increasg.

HEPI, = HEPly if Theat< 7;;, < Tcool (4)

HEPI, = HEPl + HEPL. (T}, — Teoo)) if T;; > Tcool,

when both HEP and RLM objectives are taken into account

(this configuration is denoted HEPRLM in the following).

The reservoir inflows and HEPI scenarios are produced as

X_described in Sect. 3. Their optimal temporal balance is com-
puted through dynamic programming as explained in Sect. 2.
The constrained summer season for RLM runs from 15 June
to 31 August and the minimum assigned storage level is
s* =85 % of smax during this period, and* = 0 outside this

period. As shown Fig. 4, the storage scheme presents a sig-

: ) . nificant seasonality. The storage level continuously decreases
of daily temperatures. The corresponding mean inter-annu

X - .. during winter months, when HEPI is high and inflows are
values of daily HEPI are presented in Fig. 3 as characterlst%w_ It then increases during spring-time with high spring
seasonal HEPI patterns.

snowmelt inflows and lower HEPI values. The inter-annual
variability of the storage scheme is moderate (see dispersion
4 Storage signature between grey curves around the mean inter-annual pattern in
Fig. 4), and much lower than the intra-annual variability that
In order to briefly illustrate the kind of climate signature pro- covers the full capacity range from 10 to 100 %. The lowest
posed in this work, we start the analysis of our results look-inter-annual variability of the scheme is obtained for the first
ing at the storage scheme obtained for the period 1970-1998ays of November. Each year, the reservoir is roughly full at

where HEP} is the HEPI when temperatures are in between
cooling and heating temperature thresholds, and HERd
HEPL are the additional HEPI rates for each the heat-
ing and the cooling seasons respectively. The HEPI is e
pressed in value units per kWh denotéchereafter. HER)
and HEP}, are set to unity£1V°C~1) in accordance to
Paiva et al. (2010). A higher value was set for HEPI
(HEPL=2.5V°C™ ).

Time series of daily HEPI were obtained for each scenario
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100 - fore large inflow periods such as the snowmelt season, this
90 4 scheme would correspond to high MSWYV for most reservoir
levels, especially the lowest ones. In the studied configura-

0] tion, MSWV is higher during the periods prior to the highest

70 - HEPI. The high seasonality of HEPI (Fig. 3) thus influences
60 the seasonality of MSWV and modulates the storage scheme.
5 Figure 5 illustrates the variation of the HEPI and the wa-
BN 307 ter inflows to the reservoir with time over a 4-year period
40 (1 January 1977 to 1 January 1981). It also presents the cor-

30 4 responding variations of the MSWYV with time for different
reservoir levels (corresponding to 10, 50 and 90 % of stor-
age capacity) and the resulting optimal storage requirement
10 1 scheme.
0 S 0V S S S SO S N S At any time, MSWV is lower at high storage levels (Fig. 5,
J F M A M J J A § O N D top). At these levels, the increase of the future benefit related
Figure 4. Storage requirement scheme for the period 1970-t0 an additional storage of water is very low. Indeed, addi-

1999 (configuration HER RLM). Grey curves: day-to-day stor- tional stored water might be turbined during very low HEPI
age level trajectory required each year to reach the best possiblB€riods only, in order to avoid un-valorized spillages. At any
resource/demand equilibrium, given the constraints; Black curve:storage level, MSWYV fluctuates in time. At high storage lev-
mean inter-annual storage cycle. els (e.g. 90 %), MSWV is low except when a very high HEPI
period is imminent (e.g. before winter periods). At low stor-
age levels (e.g. 10 %), MSWV is conversely high to very high
this period. The highest inter-annual Variability of the scheme(up to 10 relative value units) except when a very h|gh flow
is during spring period when storage levels vary from 10 toperiod is imminent (e.g. before spring flood periods). At all
60 % of the reservoir capacity. All storage curves convergestorage levels high MSWV prompts water storage for future
next rapidly to a high storage level as required by the sum-,se.
mer touristic level objective. Despite this, the summer level periods of high HEPI alternate with periods of inflow
objective (i.e. 85 % ofnay) is never reached on time (i.e. the discharge (F|g 5, bottom). As a result, MSWV presents
15 June) but roughly one month later. high seasonal variations for all reservoir levels (Fig. 5, top).
In the following sections, because the temporal variationspuring the late winter and early spring transition periods,
of the storage scheme are mainly seasonal, we use its meafe concomitant decrease of HEPI and rapid increase of
inter-annual pattern as a first signature of the disequilibriumsnowmelt inflow diminishes the storage requirement. The
between water resources and demand for the studied climatigllowing increase of MSWV is quite abrupt, as can be seen
a_nd economical forcing. For brevity, we call this the storageduring the year 1979 in June for the storage level 50 % and
signature. in September for the storage level 90 %. It begins as soon
as spillage is no longer required, given the known future
inflows.
For any given storage level, MSWV varies with time re-

The storage signature derives from temporal patterns oftecting the role of the reservoir in adjusting the adequacy

MSWV that we discuss now for various climate scenariosPetween the future HEPI and the future availability of wa-

and various combinations of objectives. For a more com-ter from upstream catchment. Future resource abundance

prehensive analysis, we consider in a preliminary step twdrespectively scarcity) decreases (respectively increases) the

objectives separately (HEP or RLM) and subsequently avalue of more storage water — like for example in May 1977

20 4

5 Storage water value signature

double-objective configuration (HEPRLM). (respectively September 1977).
In addition to a marked seasonality, MSWV shows year-
5.1 Hydroelectric production to-year variations related to the future ratio of HEPI and the

inflow. MSWV is for instance higher in 1980 than in the

The optimization of the HEP objective alone corresponds toprevious 3 years. This inter-annual variability directly trans-
Cyep=1 andCrim =0 in Eqg. (1). Note first that the effi- lates to the storage requirement scheme with a spring storage
ciency of the hydroelectric production system is an increas-higher than 30 % of the capacity for 1980 whereas it roughly
ing function of water head in the reservoir. If HEPI were con- equals zero for previous years.

stant throughout the year, the storage scheme would be to As for the storage requirement scheme, the variation of
maintain the water level at its highest possible value, whichthe MSWYV in time reflects in a sophisticated way the tem-
may be a bit lower than the storage capacity in order to avoidooral patterns of the climate variables governing the water
future spillage (see for example Turgeon, 2007). Except bedemands and inflows. In the following sections we will use
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Figure 5. Variations of MSWYV, reservoir level, inflows and interest for hydroelectric production (HEPI) from January 1977 to January 1981
for the meteorological control scenario (Ja: January, M: May, S: September). Top: marginal value of water (§W(\)frdiﬁerent reservoir

storage levels corresponding to 10, 50 and 90 % of the capacity. Middle: reservoir level (%) Bottom: water inflow to the reservoir (blue curve,
m3 s~1) and interest of hydroelectric production (red curve, V Kth

20— 5.2 Summer reservoir level maintenance

We now consider a system for which the only objective
would be to maintain a minimum water level in the reser-
voir during the summer months as explained in Sect. 3 (i.e.
Chep=0andCrm =1 in Eq. 1). Penalty costs are incurred
in the event of failure to maintain the required level. The
MSWV corresponds to the additional reduction of penalty
costs that would be achieved by storing one more cubic me-
tre of water at the current date. The MSWV signature is quite
different from the one obtained for the HEP objective alone
although it presents also a marked seasonality (see Fig. 7
compared to Fig. 6).

Figure 6. MSWV signature for the single hydroelectric production ~ The possibility to achieve the objective depends on the cur-
objective (HEP). The mean inter-annual MSWV variation obtained rent storage level and on the volume of inflow to the reservoir
for the 1970-1999 period is plotted for three reservoir storage lev-from the current date to the beginning of the next constrained

els (10, 50 and 90 % of storage capacity). For each storage leveperiod. At a given date, the higher the current storage level,
the upper, middle, and lower curves correspond respectively to thehe easier it is to achieve the objective.

95th percen_tile, the mean and the 5th percgntile of MSWV calendar fqr g given storage level, the longer the duration until the
values obtained for the 30 years of the period. next constrained period, the larger the total future inflows
to the reservoir and the easier it is to reach the objective.
the mean inter-annual patterns of MSWV for different reser-MSWV therefore slowly increases over the year to reach a
voir levels as a second signature of the disequilibrium be-maximum in early summer. According to Fig. 7 the MSWV
tween water resource and demand under climatic and ecanaximum is nearly 1 month before the beginning of the con-
nomic conditions. The MSWV signature obtained for the strained period for the most adverse situations (95th per-
UDR system is presented in Fig. 6 for three storage levelscentile envelope curve — corresponding to the driest spring
(10, 50 and 90% of storage capacity). In addition to theyears) or as late as mid-July for the most favourable situa-
mean inter-annual value, Fig. 6 also shows the 5th or 95tHions (5th percentile envelope curve — corresponding to the
percentiles of the MSWV calendar values. For the sake ofwettest spring years). The lowest MSWV is zero, indicating
conciseness, the expression “MSWYV signature” will subse-that there is no interest to store water as forthcoming inflows
quently be used for this type of graph. will fill the reservoir to the required level on time (Fig. 7).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
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Figure 7. MSWV signature for the reservoir level maintenance ob- Figure 8. MSWYV signature for the double-objective configuration
jective (RLM). See Fig. 6 caption for details. The 90 % curves are (HEP+ RLM). See Fig. 6 caption for details.
confounded with the-axis.

This is the case for almost all reservoir levels in Septemberfor the year 1977 in Fig. 5). Similarly, the storage level in
after the end of the constrained period (an exception is for thehe early fall is always over 80-90 % in the double-objective
driest years if the storage level is low). This applies also fromconfiguration, whereas it may be lower than 80 % in the sin-
mid-September to mid-April at more than 50 % of the storagegle HEP objective configuration (see year 1979 in Fig. 5).
capacity, when large inflows from the spring snowmelt flood In summary, the MSWV signature displays patterns of in-
are expected. In terms of seasonality the periods of high andreasing complexity when the variety of assigned objectives
low MSWV are roughly in phase opposition with those ob- increases. The seasonal shapes of the different objectives
tained previously for the HEP objective. combine almost linearly and reflect with great detail the re-

spective seasonality of the climate and the various demands.
5.3 Double-objective configuration

Figure 8 presents the MSWV signature obtained when botté  Sensitivity of the signatures to climate change
HEP and RLM objectives must be fulfilled (i.€4ep=1 and
Crum = 1in Eq. 1). The storage signature for this configura- We show now the sensitivity of the storage and MSWYV sig-
tion is the one discussed in Sect. 4 (Fig. 4). natures to a climate modification resulting from an annual
For this configuration, MSWV is logically higher than temperature increase, an annual precipitation decrease and
those obtained for each single-objective configurationfinally from both modifications simultaneously. This sensi-
(Figs. 6 and 7). It is actually not possible to produce as muchtivity analysis illustrates the interest of the presented results
HEP and to fulfil the RLM objective as well as in the single- in terms of climate change signatures.
objective configurations. To limit the cost of RLM failure, Figure 9 displays the storage signature for the double-
water allocations previously determined for the single HEPobjective configuration HER RLM. The signature is more
objective configuration must be re-allocated to periods withsensitive to temperature warming than to precipitation de-
lower HEPI thanks to higher MSWV at all reservoir levels, crease. For all scenarios, the average storage level increases
since high MSWV reduces the interest of immediate waterand the magnitude of seasonal storage fluctuation is signif-
use. icantly lower which means that the resource—demand tem-
The MSWV signature for the double-objective configu- poral equilibrium improves under the considered future cli-
ration is not exactly an additive combination of the two mates. The temporal pattern of the storage signature is also
single-objective sighatures owing to the non-linearity of the modified: the late summer period for which high levels of
optimization. The most significant difference between thestorage were required is 2 months longer for€3varm-
HEP+ RLM signature and the sum of the single-objective ing. For the C warming scenario, a bimodal pattern is ob-
ones is during the winter season at low reservoir levels. Theaained and the period with the highest required storage levels
higher MSWYV obtained for the double-objective configura- is shifted to early summer.
tion directly translates to the storage scheme. For instance, Figure 10 shows the dependence of MSWYV signatures to
the minimum storage levels of the storage scheme are allemperature for HEP and RLM objectives. For the HEP ob-
greater than 10 % (see Fig. 4) whereas it can reach zero in thiective alone (first row Fig. 10), a temperature increase mod-
single HEP objective configuration (see spring storage levelfies the seasonality of the MSWV signature but does not
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100 Finally, the MSWV signature obtained for the double
R, HEP+ RLM configuration is approximately an additive
combination of the two single-objective signatures, as for the
present climate. For example, for the 50 % storage level, the
large MSWYV decrease observed in the control climate during
the 6 months from December to May tends to disappear as a

consequence of the smaller snowmelt flood and the increased

90 +

80

70 4

60

— Citrl

X504 o AT— 4% HEP interest during the summer months.

wd N~/ | AT = +5° Regarding now a precipitation decrease, Fig. 11 displays

0] — 2§i jng U the MSWV signature for the HER RLM configuration. As
o AP 10% AT 15 changes in precipitation do not influence the seasonality of

201 L AP— _20% the inflow (Fig. 2) and the demand, the seasonality of MSWV

104 — — AP=—-20% AT = +3° is maintained, whatever the reservoir level. The decrease in
""""""" AP=—10% AT = +5° precipitation leads to a reduced mean inflow to the reservoir

0 i F M A M J J A S O N D and, in turn, to an increased MSWV mean value at all stor-

age levels and all seasons (excepted during the summer sea-
_Figure 9.Sensiti\_/it_y o_f storage requirement scheme to temperatureggn for the 90 % storage level where MSWV is zero). This
increase or precipitation decrease or both together. means more severe conditions with a concentration of water
allocations to HEP in the periods with the highest HEPI val-
ues. Similar results are obtained when considering HEP or
RLM alone (not shown).
significantly change the average value of storage water. The Finally, the MSWV signature resulting from a modifica-
MSWV seasonal peak is shifted from autumn to summer fortion of both precipitation and temperature changes is shown
high reservoir levels and disappears at low levels. At all lev-for three storage levels in Fig. 12. Seasonality and mean
els the seasonality of MSWYV is smoothed out; in particular value of MSWV are modified. Changes of MSWYV for this
for low and medium reservoir levels (10 and 50 %), MSWV combined change are approximately an additive combination
becomes practically constant throughout the year. This obef the partial ones, and directly translate to modifications of
servation corroborates the better temporal balance betweethe storage scheme described previously. They lead for in-
resource and demand under a modified climate. At low andstance to building the storage earlier in order to better use
middle storage levels and compared to the control period, théhe earlier spring snowmelt flood. They also lead to reducing
increase of MSWV during the spring season is due to far lesshe magnitude of storage fluctuations and thus to increase
intense snowmelt floods (Fig. 2) and in turn to a large de-the water head, especially before the period of high HEPI in
crease of potential spillage risk. Potential spillage is also resummer due to cooling needs.
duced because of a better temporal match between inflows
and periods of high HEPI: for the control period, the main
inflow period (spring) is almost 8 months before the high- 7 Conclusions
est HEPI (winter); for the increased-temperature scenarios,
the snowmelt flood is up to 1 month earlier and a secondin this study we formalized the central role of water storage
period with high HEPI appears in the summer season only 3nanagement in balancing seasonal fluctuations of the water
to 4 months later. At high storage level, the MSWYV signatureresource/demand equilibrium using an elementary optimiza-
modification is different but the reasons for these changegion technique. The representation of the water system is re-
remain the same. The large MSWV values during the lateduced to a small set of objectives and free of any hypothesis
spring and summer seasons increase the interest of raising ttoe the constraints and uncertainties of the real-time manage-
water head during this period without causing later spillagement. Derived storage water values and reservoir levels ex-
thanks to the new and greater interest of HEP in summerhibit seasonal patterns that we propose to read as signatures
The low MSWV values in winter result from the lower HEPI of this climatological equilibrium and its potential modifi-
demand for this season. cation under changing hydro-climatic conditions. We con-
For the RLM objective alone, lower mean inflow and ear- sider such signatures as attractive alternatives to performance
lier snowmelt increase MSWV earlier in the year for reser- indicators like statistics of a system’s failures in the sense
voir levels lower than the summer objective. The objective isthat they preserve quite complicated seasonal patterns giving
therefore more difficult to meet on time than for the control more insight into the socio-technical system behaviour.
period. For low reservoir storage levels the positive MSWV  The presented case study illustrates how the proposed sig-
obtained in September even shows incapacity to meet thisatures contain, under a synthetic set of graphs, much in-
single objective. formation on the seasonality of the governing processes and
their eventual shifts in time. The multi-purpose system taken
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Figure 10. Sensitivity of MSWV signatures to temperature. The different curves correspond to the control data set and to two scenarios of
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Figure 11. Sensitivity of MSWYV signatures to precipitation changes in the case of the double-objective configuration RIED. The
different columns correspond to storage levels of 10 % (left), 50 % (middle) and 90 % (right) of storage capacity.

in the French Alps is reduced to the management of a sin- — When comparing signatures under different climatic

gle reservoir responding to a demand for hydroelectricity and
reservoir level maintenance during a touristic period in a cli-
mate change context. This case study led to the following
considerations:

— When considering several management objectives, each
individual objective signature sheds light on its specific
role and the multi-purpose signature is not the mere lin-
ear combination of the individual signatures, which re-
veals the potentially non-linear interaction or competi-

tion between objectives. -

— When analysing signatures one by one, the smooth-
ness of their shape and their amplitude seems to be in-
formative. Both for MSWV and storage signatures, a
smoother shape shows a better seasonal fit between re-
source and demand and thus an easier manageability or
lower storage fluctuation needs.

Hydrol. Earth Syst. Sci., 18, 37873800 2014

conditions, changes in shape reveal changes of the gov-
erning processes. For instance, the studied water system
seems to be more sensitive to warmer conditions than to
drier ones. Warmer conditions deeply modify the differ-
ent signatures (MSWYV and storage) in relation with the
behaviour of the snow-pack and the electricity demand.
Drier conditions provide more homothetic shape modi-
fications, revealing less impact on the management and
the storage signatures.

As a last consideration, we can note that the storage
signature is more straightforward to interpret, both in
terms of shape (management difficulty) and amplitude
(reservoir relevance). Nevertheless, this signature only
reflects the satisfaction of the objective. Its shape can be
weakly informative when this objective is simple like in
the case of the RLM alone —the storage signature is then
almost flat throughout the year. Interpreting MSWYV sig-
natures requires a more economical reasoning about the
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Figure 12.Sensitivity of MSWYV signatures to changes of both precipitation and temperature in the case of the double-objective configuration

(HEP+ RLM). The different columns correspond to storage capacity levels of 10 % (left), 50 % (middle) and 90 % (right).

interest of water allocation in time. They express in downscaling models from a suite of GCM (global circulation
more detail the full set of mechanisms behind the sat-model) experiments (Lafaysse et al., 2014).
isfaction of the assigned objective. For instance, in the Finally, we note that MSWV is also frequently estimated
case of the RLM objective alone, the MSWV signature to determine an operating strategy for the real-time manage-
will display the rather marked seasonality of the neededment of a water system. In such a case, the MSWV can be
management, and not only its mere result expressed bgbtained using stochastic dynamic programming in a con-
a single reliability value, for example. In that sense, we figuration in which future inflows and water demands are un-
suggest that both signatures are useful. known (e.g. Wolfgang et al., 2009). As a result of inflow vari-
ability and uncertain predictability, the MSWV is expected to
This study has shown some limitations, opening perspecincrease when compared to the MSWV obtained in the con-
tives for future studies. There is for instance the relative com-figuration of the present work (Draper et al., 2003; Francois,
plexity of the system used for the demonstration. Real wa-2013). MSWYV signatures obtained for an uncertain future are
ter resource systems generally deal with more objectives andlso potentially very informative with regard to how an op-
constraints and with a number of interconnected reservoirserational strategy is organized, what its key features are and
With an optimization algorithm such as dynamic program- how it could change should the climate or demand change,
ming, additional constraints and requirements can be inteor both together. When they are conversely obtained for a
grated quite easily (e.qg. irrigation water demand, dam safetfkknown sequence of inflow and demand, as in the present
management during floods or minimum flow maintenancework, MSWV signatures define the best possible manage-
for ecosystem integrity). In the case of multi-reservoir sys- ability of the system. They are, therefore, not influenced by
tems, MSWV will be site dependent in addition to being possible changes in the predictability of future inflows and
time and storage level dependent (Tilmant et al., 2008, 2009demand. They furthermore separate in a sense the socio-
Wolfgang et al., 2009). climatic and the management components of the equilibrium.
The simulation of future hydrological scenarios was hereln that regard, analysing changes in this signature is expected
driven by observed precipitation and temperature time seto improve our understanding of modifications of the optimal
ries modified according to synthetic climate change scenarstorage requirement scheme for this socio-climatic context as
ios using a classical perturbation methodology. The tempowell as modifications of system performance classically re-
ral variability of future meteorological variables is therefore ported on the basis of a variety of performance criteria in
the same as that of the historical period. In particular, noclimate change impact analyses.
changes in the sequences of wet and dry periods are consid-
ered from seasonal to pluri-annual timescales. Such changes
are however expected to be potentially as critical as changes
in the means of meteorological driving variables. They at
least fully determine changes in the temporal variability of
natural inflows into a reservoir, a determinant factor in the
analysis of the performance of the system (McMahon et al.,
2006). Changes in precipitation seasonality are expected to
modify the seasonality of inflows. A higher variability of
annual or pluri-annual inflows to the reservoir is also ex-
pected to lead to longer and more frequent periods of re-
source scarcity. The influence of such regional climate mod-
ifications will be analysed considering a large set of sce-
narios recently developed within the RIWER2030 research
project pttp://www.lthe.fr/RIWER2030/ For the studied re-
gion, those scenarios are obtained using different statistical
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Appendix A In the present study, end values are estimated as proposed
by Wolfgang et al. (2009). The duration of the simulation
In deterministic dynamic programming, the optimal storageperiod is artificially increased with a fictitiousyear initial-
variation for each time step of the considered simulation jzation period, added at the end of the simulation period. The
period fro, 7] is identified in order to maximize the sum, jnitialization period is composed from several duplications
over the simulation period;[ 7], of the current benefits, of the final year so that the storage water values are no
i.e. the benefits that would result from an immediate use Oﬂonger influenced by the boundary conditions chosen at the
water at time step;, and of the optimal future benefits, i.e. end of the extended planning period. The storage water val-
the benefits that would result from optimal storage variationsyes aty are next used to estimate the corresponding Bellman
over the future simulation period; 1, 7y]. The optimal fu-  valueF,,, (s) from the reciprocal function of Eq. (A1).
ture benefitF;, (s,,) obtainable from a hypothetical reservoir  The derivative of the future benefit functiaf (s) for a
levels,, attimer; is often referred to as the Bellman Value for gjven storage level in the reservoir gives the optimal benefit

this storage and time configuration (Bellman, 1957). Itis ob-for a future use of one additional unit of water stored at this
tained from a backward recursive calculation from the futurestorage level (Eq ]_) It Corresponds to the margina| value of

benefits estimated for time; 1 storage water for this storage lewehnd timer:
F (s) = s ti) o Fiy (500)), Al JF,
f (Stz) {g (utz St; tl) + li+1 (sterl)} ( ) Vt (S) — 81‘;'5‘) . (A5)

where the different terms are subject to upper and lower _ _
bounds and mass conservation constraints. The state and d&s shown in Eq. (A5), the marginal value of storage water

cision variables are such that is time and storage level dependent. The MSWYV signatures
proposed in Sect. 5 are derived from this computation.

Smin < 81 < Smax (A2) The above-mentioned optimization stage provides the op-
timal future benefitF; (s) for all storage levels of the state-

and time table. This table can be used to derive the storage wa-

ter valuesV for the same state—time grid. In a discrete ap-
proach, the derivatives are calculated with finite differences
- : from neighbouring water level states in the table.
wheresmin andsmax are minimum and maximum bounds for . .
. : The storage water values can be used in a second optimiza-
water storage volumes in the reservoir aqgh andumax the . - . . . o
S . . tion stage to identify the optimal operation decision for the
minimum and maximum bounds for release discharges. The g : . : ;
: S current timer;, given the water level in the reservej. This
mass conservation equation is

operation maximizes the following equation:

Umin = Uy; < Umax, (A3)

Stiy1 = Sy + qt; — Uy, — 0y (A4) {g (uti St ti) + (Sti+1 _ Sz,-) 'Vll‘+1 (Sl,'+1)} ) (A6)

where g;. is the inflow he reservoir during th ri . . T
ereg; Is the inflow to the rese Vo during the pe Od. The forward iterative optimization of Eq. (A6) can there-
[#,t+1], ando,, the losses (evaporation above the reservoir, : . s
i i . 'fore give the optimal sequence of storage variations, result-
controlled and uncontrolled withdrawals from the reservoir . . .
S o ing reservoir water levels, benefits and penalty costs over the
for irrigation, drinking water and other uses).

A discrete approach can be used to estimate the benef\Ilt\/hole simulation horizontg, ¢y]. This simulation method is

function F; (s) when the dimension of the state vector is not usually referred to as the water value method (e.g. Hveding,

too large. An extensive discussion about the dimensionalit 1968). The storage signature proposed in Sect. 4 is derived

V. . :
issue is presented in Yakowitz (1982). The final resultis a ta_from this computation.

ble that gives the future benefits for different water levels and
each time step of the simulation period. For storage levels in-
between the a priori selected statEgs) can be obtained via
interpolation. In our casef; (s) is estimated at a daily time
step and at 51 storage levels uniformly distributed between
the minimum and maximum storage bounds, and smax.

A cubic spline interpolation method is used when needed
(Foufoula-Georgiou and Kitanidis, 1988).
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