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Abstract. Water is accumulated in reservoirs to adapt in
time the availability of the resource to various demands like
hydropower production, irrigation, water supply or ecological constraints. Deterministic dynamic programming retrospectively optimizes the use of the resource during a given
time period. One of its by-products is the estimation of
the marginal storage water value (MSWV), defined by the
marginal value of the future goods and benefits obtained from
an additional unit of storage water volume. Knowledge of the
MSWV makes it possible to determine a posteriori the storage requirement scheme that would have led to the best equilibrium between the resource and the demand. The MSWV
depends on the water level in the reservoir and shows seasonal as well as inter-annual variations. This study uses the
inter-annual average of both the storage requirement scheme
and the MSWV cycle as signatures of the best temporal equilibrium that is achievable in a given resource/demand context
(the climatological equilibrium). For a simplified water resource system in a French mountainous region, we characterize how and why these signatures change should the climate
and/or the demand change, mainly if changes are projected
in the mean regional temperature (increase) and/or precipitation (decrease) as well as in the water demand for energy
production and/or maintenance of a minimum reservoir level.
Results show that the temporal equilibrium between water
resource and demand either improves or degrades depending
on the considered future scenario. In all scenarios, the seasonality of MSWV changes when, for example, earlier water storage is required to efficiently satisfy increasing summer water demand. Finally, understanding how MSWV signatures change helps to understand changes in the storage
requirement scheme.

1

Introduction

Mountain catchments yield most of the European hydroelectric production (Eurelectric gives ca. 140 TWh for Scandinavia and the Alps and refers to the “blue battery” of Europe). At high elevation (and/or latitude), spatial and temporal variations of the snowpack make the hydrological regime
of rivers highly seasonal with low and high flows in the
snow-accumulation and snowmelt seasons respectively. On
the other hand, the electricity demand is also highly seasonal,
with consumption peaks that mainly occur during the winter
(e.g. Schaefli et al., 2007). The temporal deviations between
the resource and the demand can be balanced with storage
and release operations, transferring the resource in excess at
a given time to times when it is insufficient. Most water storage reservoirs in Europe were designed and are managed to
balance these two seasonal signals. Many of these reservoirs
are not only dedicated to hydroelectricity production but are
assigned other management objectives, related for instance
to low flow maintenance, irrigation and drinking water supply (Loucks et al., 2005). In multi-purpose configurations,
the time profile of the day-to-day storage levels resulting
from storage and release operations aims at the best possible
socio-economic equilibrium between water inflows and water demands. This optimal storage requirement scheme (for
conciseness also denoted as storage scheme) is thus a signature of the best temporal equilibrium between the natural
resource and the demand under a given climate, which we
call climatological equilibrium.
Significant regional changes are expected worldwide for
the next decades as a result of climate change. This will be
especially the case for the hydrological regime of mountain
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rivers. Warmer temperatures are expected to reduce the ratio of snow to rainfall and shorten the snow accumulation
period. The spring snowmelt is expected to reduce and to
shift earlier in the year by two weeks to one month (Schneider et al., 2013; Lafaysse et al., 2014). Warmer temperatures
are also expected to increase the demand for irrigation water (Rosenberg et al., 2003; Rosenzweig et al., 2004) and to
modify the seasonal pattern of electricity demand, with lower
consumption for heating during the winter and greater needs
for cooling during the summer (Alcamo et al., 2007; Hekkenberg et al., 2009). As a result, climate change is expected to
modify the seasonal equilibrium between water availability
and demand (Raje and Mujumdar, 2010).
A number of recent studies have explored the potential
impact of climate change on water systems (e.g. Gaudard
et al., 2013). They are mostly based on the simulation of
the management system over future periods and the statistical analysis of simulation outputs in terms of system performance. The simulation is classically based on day-to-day
system operation scenarios obtained with either simple management models, based on rule curves or balance equations
(Veijalainen et al., 2010; Ashofteh et al., 2013), or more sophisticated models mimicking a real operational context (e.g.
Minville et al., 2009; Raje and Mujumdar, 2010; Vicuña et
al., 2010). System performance is estimated using synthetic
criteria such as the mean benefit from hydropower or agricultural production or the RRV criteria (Reliability, Resilience,
and Vulnerability), a statistics of system failures such as dayto-day deviations between the effective supply and the demand (Hashimoto et al., 1982; Moy et al., 1986). Interpreting
those performance criteria is not an easy task since (i) they
may combine resource and demand modifications together
with management adaptability issues and (ii) they summarize behind a single value quite complicated time patterns
– namely, they cannot inform whether the tested management rules have to be modified or whether any better rules
exist, nor can they describe the possible modification of the
temporal resource/demand equilibrium over the considered
period, even though understanding the time patterns behind
such modification is likely to highlight the reasons for change
in the system performance.
In the present work, we use the mean inter-annual pattern
of the storage requirement as a first signature of the evolution of the climatological resource/demand equilibrium. We
also consider the marginal value of storage water (MSWV)
representing the future benefit that would be obtained at any
given time from an additional unit of water volume stored
in the reservoir. We estimate it as a by-product of deterministic dynamic programming (Masse, 1946; Bellman, 1957).
The variations of MSWV with time for different levels in
the reservoir drive the day-to-day storage scheme required to
maximize a chosen benefit function coupling water inflows,
demand and constraints. They provide a quite detailed description of the role played by the reservoir in redistributing the water throughout the year and from one year to
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another given the constraints. We propose the mean interannual pattern of MSWV as an alternative signature of the
resource/demand disequilibrium. We also look at how these
signatures are modified by changes in climate or demand.
We compute both signatures under the present climate and
a set of future climate scenarios, for a simplified water resource system with a single storage reservoir. This system is
a catchment located in the Southern French Alps. We analyse the signature sensitivity to a mean regional temperature
increase, a precipitation decrease and both together. We also
explore the influence of the nature of water demand on both
signatures (energy production and water level maintenance).
The paper is organized as follows. Section 2 briefly describes how the MSWV are estimated and how they are
used for the determination of the storage scheme. Section 3
presents the simplified water resource system, the data and
the simulation models considered in the application to the
Upper Durance River (France). It also describes the future climate scenarios considered in this work. The storage scheme of this system is presented and discussed in
Sect. 4. The inter-annual pattern of MSWV through the
calendar year for the present and future climates are presented and discussed in Sects. 5 and 6, when they are interpreted as signatures of the climate change. Section 7 presents
the conclusions.

2

Storage water values and storage requirement scheme

The optimal storage requirement scheme is the day-to-day
storage level required over the analysis period [t0 , tN ] to
reach the best possible equilibrium between water resource
and demand, given operational constraints. This scheme
maximizes over the period the sum of the benefits at each
time step ti of the analysis period, plus the benefit expected
from the water remaining in the reservoir at the end of the period. The benefit function for any time step, further referred
to as the “current” benefit function, can be expressed as a
weighted sum of the benefits and costs over different water
uses or management objectives. This function thus reads as
 X

g uti , sti , ti =
cj gj uti , sti , ti ,

(1)

j

where gj is a function representing the monetary benefits and
costs associated with the different services by operation uti
at the storage level sti during [ti , ti+1 ] and cj is a weighting
constant defined according to the priority level assigned to
use j .
For each time step ti , an immediate use of water reduces
the availability of stored water for all future water uses. The
current benefits must therefore be balanced against losses in
future benefits. Identifying the optimal storage variation at
the current time step requires knowing the marginal value
of storage water (MSWV) in the reservoir from the current
www.hydrol-earth-syst-sci.net/18/3787/2014/
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Ecrins Mountains

Serre-Ponçon

Figure 1. Map of the Durance River watershed. Serre-Ponçon reservoir is the outlet of the Upper Durance River watershed.

time step to the next. MSWV estimation is detailed within
Appendix A.
As shown in Appendix A and discussed below, the MSWV
is time and storage level dependent. It can be obtained a posteriori as a by-product of deterministic dynamic programming, an optimization method developed for multistage dynamic decision processes. In our case, MSWV values are
estimated for the whole analysis period at a daily time step
for 51 storage levels uniformly distributed between the minimum and maximum storage bounds smin and smax . At any
given day, these MSWV can be used in a second optimization
stage to identify the optimal storage variation given the current water storage in the reservoir. For a given storage level
at the beginning of the analysis period, the forward day-today optimization process therefore gives the optimal storage
requirement scheme for the whole analysis period.
In the following, the MSWV is expressed in relative value
units per cubic metre denoted as SWV m−3 .
3
3.1

Case study and data
Catchment characteristics and experimental setup

The Upper Durance River (UDR) basin at Serre-Ponçon is a
meso-scale basin (3580 km2 ) located in the southern French
Alps (Fig. 1). Its outlet is the Serre-Ponçon reservoir, a storage reservoir that is part of a large hydroelectric system operated by Electricité de France (EDF). It plays a key role
in the energy supply of the Provence region, which extends
from the Alps to the Mediterranean shore. This region, which
is connected to the rest of the French electric network by
a unique line, is limited in terms of energy imports. SerrePonçon reservoir objectives and constraints are also related
www.hydrol-earth-syst-sci.net/18/3787/2014/
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to recreational activities on the lake, drinking and irrigation
water supply and to the preservation of downstream ecological 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 climate 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 m a.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 frequently observed in late summer and fall. During these seasons and when the precipitations are negligible, such a low
flow episode can last several weeks after the end of the snowcovered period. Major floods are often observed in fall with
intense rainfall events (Lafaysse et al., 2011).
We consider a simplified water resource system inspired
by the real UDR system with two basic uses: hydroelectric production (HEP) and maintenance of a minimum water level in the reservoir lake during the summer season for
recreational activities (Reservoir Level Maintenance denoted
as RLM). We chose HEP and RLM because these two objectives present important differences in terms of adequacy with
the water resource availability and are important for the real
system of Serre-Ponçon.
The benefit function used in Eq. (1) for the determination
of MSWV is the sum of the possible benefits from HEP as
defined by Eq. (2) and benefits from RLM during a summer
season as defined by Eq. (3):

gHEP uti , sti , t = HEPIti uti r(sti ),
(2)
where uti in m3 s−1 is the discharge released from the reservoir for HEP, HEPI is the daily interest of HEP in value units
kWh−1 (see Sect. 3.4) and r is the hydropower production
coefficient in kWh m−3 which depends on the water head in
the reservoir:

h


 2i

 gRLM sti , ti = K 1 − b max s ∗ − sti , 0
.
(3)
if ti ∈  summer season


gRLM sti , ti = 0 if not
In Eq. (3), K is the maximal value of daily benefit (value
units) that can be obtained during the summer period. It is
achieved as soon as the storage is greater than a threshold
s ∗ = 85 % of the storage capacity, the volume below which
recreational activities are expected to be reduced. The corresponding decrease in RLM benefit is assumed to be a
quadratic function of the difference between the actual water storage and s ∗ . In Eq. (1), the values of the weighting
parameters cj are referred to as cHEP and cRLM for the HEP
and RLM objectives respectively and set either to 1 when the
objective is considered or to 0 when it is not.
In the water balance of the reservoir, the only input
and output discharges are respectively the inflow from the
Hydrol. Earth Syst. Sci., 18, 3787–3800, 2014
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upstream UDR basin and the optimized water release. Direct
precipitations to the reservoir and evaporation from the reservoir are neglected. Their inter-annual means are actually of
the same order, and the net balance between both terms is
less than 1 % of the mean river discharge into the reservoir
(Vachala, 2008).
In France, like in many countries where hydropower is not
dominant, hydroelectric production is used to replace more
expensive power generation facilities and the objective is to
minimize the expected sum of other energy production costs
for the national network as a whole. In this study, we consider a simplified daily interest of HEP estimated from a local daily temperature index (see Sect. 3.3) and the benefits
are optimized for the system independently from other considerations of the energy production costs. In addition, summer RLM is a priority objective: an empirical guideline curve
is used for reservoir operations (applied mostly in the spring
season) and HEP optimization roughly applies to the water
inflows that are not needed to satisfy the RLM objective.
However, it is expected that an increase of future energy costs will increase the interest of HEP and, as a consequence, benefits from recreational activities will be balanced with respect to benefits from HEP (or with respect to
the reduction of other production costs allowed by the use
of HEP). In this study, a benefit function (Eq. 3) is therefore used for RLM instead of a rule curve. This provides a
rough estimate of the marginal value of storage water to satisfy the RLM objective. Recreational benefits are expressed
as a function of water storage in the reservoir, similarly to
Ward et al. (1996). However, our formulation does not include information about tourist affluence due to the lack of
appropriate data in the region. The value of K in Eq. (3) is
chosen so that the maximum benefit obtained from RLM is of
the same order of magnitude as the one obtained from HEP,
if they were considered separately. This makes it possible to
analyse a double-objective configuration with objectives of
equivalent economic value, a situation that could occur in the
future.
The inflows to the reservoir are modelled with CEQUEAU
(Morin et al., 1975), a semi-distributed hydrological model
already applied by EDF for previous climate change impact
studies on different mesoscale French basins. Snow accumulation and melt, effective rainfall, infiltration and evapotranspiration fluxes are estimated for each of the 99 subbasins from daily series of mean areal precipitation and surface air temperature. The discharges produced by all hydrological units are routed through the river network to produce the total water inflow into the reservoir. The CEQUEAU
model of UDR has been calibrated and validated by Bourqui
et al. (2011) with a split sample test procedure. The Nash–
Sutcliffe efficiency criterion (Nash and Sutcliffe, 1970) is
0.86 for the 1981–2005 calibration period and 0.83 for the
1959–1981 validation period.
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3.2

Climate scenarios

The observed precipitation and temperature data for the
1970–1999 control period are obtained from the daily meteorological reanalyses developed by Gottardi et al. (2012)
for French mountainous regions. The reference discharges to
the reservoir for the control period are those obtained from
CEQUEAU simulations.
The local-scale time series of temperature and precipitation for the future climate period 2070–2099 are obtained by
perturbing the observed time series of the control period in a
similar way to Horton et al. (2006). Six synthetic regional climate change scenarios are defined as an absolute change of
the mean annual temperature and as a relative change of the
mean annual precipitation. The magnitude of these changes
is derived from a suite of climate modelling experiments conducted in the EU PRUDENCE project (Christensen, 2004)
for SRES scenario A2 (Nakicenovic et al., 2001). It roughly
corresponds to the 50th and 90th percentiles of changes estimated by the climate model experiments, representing respectively a 10 and 20 % decrease in precipitation and a 3
and 5 ◦ C increase in temperature.
Control and future hydrological regimes obtained from
CEQUEAU simulations for these scenarios are presented in
Fig. 2. A temperature increase leads to reduced snow accumulation in winter and an earlier melting season. This in turn
induces a higher winter low flow and a lower snowmelt flood
peak (Fig. 2, left). The snowmelt flood peak shifts by one
month for the warmest scenario (+5 ◦ C). Besides this change
in flow seasonality, an increase in temperature also leads to
a slight reduction of the mean annual inflow to the reservoir
due to increased evapotranspiration losses in summer (up to
22 % for the +5 ◦ C scenario). Without temperature change,
precipitation change scenarios modify the magnitude of the
hydrological cycle (Fig. 2, middle). The mean inter-annual
daily discharges decrease with the mean inter-annual precipitation, except for the winter period during which flows are
sustained by deep underground storage. The large decrease
of the snowmelt flood peak is the result of a smaller snowpack extent and thickness, induced by less winter to spring
solid precipitation.
Scenarios with both precipitation and temperature changes
lead to a modification of the hydrological regime that roughly
combines the modifications previously discussed for temperature change (mainly modification in seasonality) or precipitation change alone (mainly modification in mean discharge).
3.3

Economic interest of hydroelectric production

A detailed representation of electricity prices is difficult to
simulate because of the complex interaction with other energy production means and the high variability of the energy market. However, electricity prices in France tend to
be higher for periods of high electricity consumption. Moreover, electricity consumption is higher during the cold season
www.hydrol-earth-syst-sci.net/18/3787/2014/
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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 temperature (1T ) and precipitation (1P ) 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 regional temperatures below an approximate heating threshold Theat = 15 ◦ C that governs heating demand. As a result, a
convenient formulation for the daily interest of HEP (HEPI)
can be based on daily regional temperatures (Paiva et al.,
2010). The electricity consumption is assumed to linearly decrease 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 regional temperatures above a cooling threshold Tcool = 25 ◦ C
(Buzoianu et al., 2005). In the following, the daily HEPI
is therefore defined as a piece-wise linear function of daily
temperature:


 HEPIti = HEPI0 + HEPIh . Theat − Tti if Tti < Theat
HEPIt = HEPI0 if Theat < Tt < Tcool
(4)
 HEPI i = HEPI + HEPI . T i − T  if T > T ,
ti
0
c
ti
cool
ti
cool
where HEPI0 is the HEPI when temperatures are in between
cooling and heating temperature thresholds, and HEPIh and
HEPIc are the additional HEPI rates for each the heating and the cooling seasons respectively. The HEPI is expressed in value units per kWh denoted V hereafter. HEPI0
and HEPIh are set to unity (=1 V ◦ C−1 ) in accordance to
Paiva et al. (2010). A higher value was set for HEPIc
(HEPIc = 2.5 V ◦ C−1 ).
Time series of daily HEPI were obtained for each scenario
of daily temperatures. The corresponding mean inter-annual
values of daily HEPI are presented in Fig. 3 as characteristic
seasonal HEPI patterns.
4

Storage signature

In order to briefly illustrate the kind of climate signature proposed in this work, we start the analysis of our results looking at the storage scheme obtained for the period 1970–1999
www.hydrol-earth-syst-sci.net/18/3787/2014/
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Figure 3. Mean inter-annual cycles of the interest hydroelectric production (HEPI) for the control period and two different future scenarios of annual temperature increase 1T .

when both HEP and RLM objectives are taken into account
(this configuration is denoted HEP + RLM in the following).
The reservoir inflows and HEPI scenarios are produced as
described in Sect. 3. Their optimal temporal balance is computed 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 s ∗ = 0 outside this
period. As shown Fig. 4, the storage scheme presents a significant seasonality. The storage level continuously decreases
during winter months, when HEPI is high and inflows are
low. It then increases during spring-time with high spring
snowmelt inflows and lower HEPI values. The inter-annual
variability of the storage scheme is moderate (see dispersion
between grey curves around the mean inter-annual pattern in
Fig. 4), and much lower than the intra-annual variability that
covers the full capacity range from 10 to 100 %. The lowest
inter-annual variability of the scheme is obtained for the first
days of November. Each year, the reservoir is roughly full at
Hydrol. Earth Syst. Sci., 18, 3787–3800, 2014
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Figure 4. Storage requirement scheme for the period 1970–
1999 (configuration HEP + RLM). Grey curves: day-to-day storage level trajectory required each year to reach the best possible
resource/demand equilibrium, given the constraints; Black curve:
mean inter-annual storage cycle.

this period. The highest inter-annual variability of the scheme
is during spring period when storage levels vary from 10 to
60 % of the reservoir capacity. All storage curves converge
next rapidly to a high storage level as required by the summer touristic level objective. Despite this, the summer level
objective (i.e. 85 % of smax ) is never reached on time (i.e. the
15 June) but roughly one month later.
In the following sections, because the temporal variations
of the storage scheme are mainly seasonal, we use its mean
inter-annual pattern as a first signature of the disequilibrium
between water resources and demand for the studied climatic
and economical forcing. For brevity, we call this the storage
signature.
5

Storage water value signature

The storage signature derives from temporal patterns of
MSWV that we discuss now for various climate scenarios
and various combinations of objectives. For a more comprehensive analysis, we consider in a preliminary step two
objectives separately (HEP or RLM) and subsequently a
double-objective configuration (HEP + RLM).
5.1

Hydroelectric production

The optimization of the HEP objective alone corresponds to
CHEP = 1 and CRLM = 0 in Eq. (1). Note first that the efficiency of the hydroelectric production system is an increasing function of water head in the reservoir. If HEPI were constant throughout the year, the storage scheme would be to
maintain the water level at its highest possible value, which
may be a bit lower than the storage capacity in order to avoid
future spillage (see for example Turgeon, 2007). Except beHydrol. Earth Syst. Sci., 18, 3787–3800, 2014

fore large inflow periods such as the snowmelt season, this
scheme would correspond to high MSWV for most reservoir
levels, especially the lowest ones. In the studied configuration, MSWV is higher during the periods prior to the highest
HEPI. The high seasonality of HEPI (Fig. 3) thus influences
the seasonality of MSWV and modulates the storage scheme.
Figure 5 illustrates the variation of the HEPI and the water inflows to the reservoir with time over a 4-year period
(1 January 1977 to 1 January 1981). It also presents the corresponding variations of the MSWV with time for different
reservoir levels (corresponding to 10, 50 and 90 % of storage capacity) and the resulting optimal storage requirement
scheme.
At any time, MSWV is lower at high storage levels (Fig. 5,
top). At these levels, the increase of the future benefit related
to an additional storage of water is very low. Indeed, additional stored water might be turbined during very low HEPI
periods only, in order to avoid un-valorized spillages. At any
storage level, MSWV fluctuates in time. At high storage levels (e.g. 90 %), MSWV is low except when a very high HEPI
period is imminent (e.g. before winter periods). At low storage levels (e.g. 10 %), MSWV is conversely high to very high
(up to 10 relative value units) except when a very high flow
period is imminent (e.g. before spring flood periods). At all
storage levels high MSWV prompts water storage for future
use.
Periods of high HEPI alternate with periods of inflow
discharge (Fig. 5, bottom). As a result, MSWV presents
high seasonal variations for all reservoir levels (Fig. 5, top).
During the late winter and early spring transition periods,
the concomitant decrease of HEPI and rapid increase of
snowmelt inflow diminishes the storage requirement. The
following increase of MSWV is quite abrupt, as can be seen
during the year 1979 in June for the storage level 50 % and
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 reflecting the role of the reservoir in adjusting the adequacy
between the future HEPI and the future availability of water from upstream catchment. Future resource abundance
(respectively scarcity) decreases (respectively increases) the
value of more storage water – like for example in May 1977
(respectively September 1977).
In addition to a marked seasonality, MSWV shows yearto-year variations related to the future ratio of HEPI and the
inflow. MSWV is for instance higher in 1980 than in the
previous 3 years. This inter-annual variability directly translates to the storage requirement scheme with a spring storage
higher than 30 % of the capacity for 1980 whereas it roughly
equals zero for previous years.
As for the storage requirement scheme, the variation of
the MSWV in time reflects in a sophisticated way the temporal patterns of the climate variables governing the water
demands and inflows. In the following sections we will use
www.hydrol-earth-syst-sci.net/18/3787/2014/
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Figure 5. Variations of MSWV, 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 (SWV m−3 ) for different 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 kWh−1 ).

5.2

Figure 6. MSWV signature for the single hydroelectric production
objective (HEP). The mean inter-annual MSWV variation obtained
for the 1970–1999 period is plotted for three reservoir storage levels (10, 50 and 90 % of storage capacity). For each storage level,
the upper, middle, and lower curves correspond respectively to the
95th percentile, the mean and the 5th percentile of MSWV calendar
values obtained for the 30 years of the period.

the mean inter-annual patterns of MSWV for different reservoir levels as a second signature of the disequilibrium between water resource and demand under climatic and economic conditions. The MSWV signature obtained for the
UDR system is presented in Fig. 6 for three storage levels
(10, 50 and 90 % of storage capacity). In addition to the
mean inter-annual value, Fig. 6 also shows the 5th or 95th
percentiles of the MSWV calendar values. For the sake of
conciseness, the expression “MSWV signature” will subsequently be used for this type of graph.
www.hydrol-earth-syst-sci.net/18/3787/2014/

Summer reservoir level maintenance

We now consider a system for which the only objective
would be to maintain a minimum water level in the reservoir during the summer months as explained in Sect. 3 (i.e.
CHEP = 0 and CRLM = 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 metre 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).
The possibility to achieve the objective depends on the current storage level and on the volume of inflow to the reservoir
from the current date to the beginning of the next constrained
period. At a given date, the higher the current storage level,
the easier it is to achieve the objective.
For a given storage level, the longer the duration until the
next constrained period, the larger the total future inflows
to the reservoir and the easier it is to reach the objective.
MSWV therefore slowly increases over the year to reach a
maximum in early summer. According to Fig. 7 the MSWV
maximum is nearly 1 month before the beginning of the constrained period for the most adverse situations (95th percentile envelope curve – corresponding to the driest spring
years) or as late as mid-July for the most favourable situations (5th percentile envelope curve – corresponding to the
wettest spring years). The lowest MSWV is zero, indicating
that there is no interest to store water as forthcoming inflows
will fill the reservoir to the required level on time (Fig. 7).
Hydrol. Earth Syst. Sci., 18, 3787–3800, 2014
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Figure 7. MSWV signature for the reservoir level maintenance objective (RLM). See Fig. 6 caption for details. The 90 % curves are
confounded with the x-axis.

Figure 8. MSWV signature for the double-objective configuration
(HEP + RLM). See Fig. 6 caption for details.

This is the case for almost all reservoir levels in September,
after the end of the constrained period (an exception is for the
driest years if the storage level is low). This applies also from
mid-September to mid-April at more than 50 % of the storage
capacity, when large inflows from the spring snowmelt flood
are expected. In terms of seasonality the periods of high and
low MSWV are roughly in phase opposition with those obtained previously for the HEP objective.

for the year 1977 in Fig. 5). Similarly, the storage level in
the early fall is always over 80–90 % in the double-objective
configuration, whereas it may be lower than 80 % in the single HEP objective configuration (see year 1979 in Fig. 5).
In summary, the MSWV signature displays patterns of increasing complexity when the variety of assigned objectives
increases. The seasonal shapes of the different objectives
combine almost linearly and reflect with great detail the respective seasonality of the climate and the various demands.

5.3

Double-objective configuration

Figure 8 presents the MSWV signature obtained when both
HEP and RLM objectives must be fulfilled (i.e. CHEP = 1 and
CRLM = 1 in Eq. 1). The storage signature for this configuration is the one discussed in Sect. 4 (Fig. 4).
For this configuration, MSWV is logically higher than
those obtained for each single-objective configuration
(Figs. 6 and 7). It is actually not possible to produce as much
HEP and to fulfil the RLM objective as well as in the singleobjective configurations. To limit the cost of RLM failure,
water allocations previously determined for the single HEP
objective configuration must be re-allocated to periods with
lower HEPI thanks to higher MSWV at all reservoir levels,
since high MSWV reduces the interest of immediate water
use.
The MSWV signature for the double-objective configuration is not exactly an additive combination of the two
single-objective signatures owing to the non-linearity of the
optimization. The most significant difference between the
HEP + RLM signature and the sum of the single-objective
ones is during the winter season at low reservoir levels. The
higher MSWV obtained for the double-objective configuration directly translates to the storage scheme. For instance,
the minimum storage levels of the storage scheme are all
greater than 10 % (see Fig. 4) whereas it can reach zero in the
single HEP objective configuration (see spring storage level
Hydrol. Earth Syst. Sci., 18, 3787–3800, 2014

6

Sensitivity of the signatures to climate change

We show now the sensitivity of the storage and MSWV signatures to a climate modification resulting from an annual
temperature increase, an annual precipitation decrease and
finally from both modifications simultaneously. This sensitivity analysis illustrates the interest of the presented results
in terms of climate change signatures.
Figure 9 displays the storage signature for the doubleobjective configuration HEP + RLM. The signature is more
sensitive to temperature warming than to precipitation decrease. For all scenarios, the average storage level increases
and the magnitude of seasonal storage fluctuation is significantly lower which means that the resource–demand temporal equilibrium improves under the considered future climates. The temporal pattern of the storage signature is also
modified: the late summer period for which high levels of
storage were required is 2 months longer for a 3 ◦ C warming. For the 5 ◦ C warming scenario, a bimodal pattern is obtained and the period with the highest required storage levels
is shifted to early summer.
Figure 10 shows the dependence of MSWV signatures to
temperature for HEP and RLM objectives. For the HEP objective alone (first row Fig. 10), a temperature increase modifies the seasonality of the MSWV signature but does not
www.hydrol-earth-syst-sci.net/18/3787/2014/
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Figure 9. Sensitivity of storage requirement scheme to temperature
increase or precipitation decrease or both together.

significantly change the average value of storage water. The
MSWV seasonal peak is shifted from autumn to summer for
high reservoir levels and disappears at low levels. At all levels the seasonality of MSWV is smoothed out; in particular
for low and medium reservoir levels (10 and 50 %), MSWV
becomes practically constant throughout the year. This observation corroborates the better temporal balance between
resource and demand under a modified climate. At low and
middle storage levels and compared to the control period, the
increase of MSWV during the spring season is due to far less
intense snowmelt floods (Fig. 2) and in turn to a large decrease of potential spillage risk. Potential spillage is also reduced 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 highest HEPI (winter); for the increased-temperature scenarios,
the snowmelt flood is up to 1 month earlier and a second
period with high HEPI appears in the summer season only 3
to 4 months later. At high storage level, the MSWV signature
modification is different but the reasons for these changes
remain the same. The large MSWV values during the late
spring and summer seasons increase the interest of raising the
water head during this period without causing later spillage
thanks to the new and greater interest of HEP in summer.
The low MSWV values in winter result from the lower HEPI
demand for this season.
For the RLM objective alone, lower mean inflow and earlier snowmelt increase MSWV earlier in the year for reservoir levels lower than the summer objective. The objective is
therefore more difficult to meet on time than for the control
period. For low reservoir storage levels the positive MSWV
obtained in September even shows incapacity to meet this
single objective.
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Finally, the MSWV signature obtained for the double
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 MSWV 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
HEP interest during the summer months.
Regarding now a precipitation decrease, Fig. 11 displays
the MSWV signature for the HEP + RLM configuration. As
changes in precipitation do not influence the seasonality of
the inflow (Fig. 2) and the demand, the seasonality of MSWV
is maintained, whatever the reservoir level. The decrease in
precipitation leads to a reduced mean inflow to the reservoir
and, in turn, to an increased MSWV mean value at all storage levels and all seasons (excepted during the summer season for the 90 % storage level where MSWV is zero). This
means more severe conditions with a concentration of water
allocations to HEP in the periods with the highest HEPI values. Similar results are obtained when considering HEP or
RLM alone (not shown).
Finally, the MSWV signature resulting from a modification of both precipitation and temperature changes is shown
for three storage levels in Fig. 12. Seasonality and mean
value of MSWV are modified. Changes of MSWV for this
combined change are approximately an additive combination
of the partial ones, and directly translate to modifications of
the storage scheme described previously. They lead for instance to building the storage earlier in order to better use
the earlier spring snowmelt flood. They also lead to reducing
the magnitude of storage fluctuations and thus to increase
the water head, especially before the period of high HEPI in
summer due to cooling needs.

7

Conclusions

In this study we formalized the central role of water storage
management in balancing seasonal fluctuations of the water
resource/demand equilibrium using an elementary optimization technique. The representation of the water system is reduced to a small set of objectives and free of any hypothesis
on the constraints and uncertainties of the real-time management. Derived storage water values and reservoir levels exhibit seasonal patterns that we propose to read as signatures
of this climatological equilibrium and its potential modification under changing hydro-climatic conditions. We consider such signatures as attractive alternatives to performance
indicators like statistics of a system’s failures in the sense
that they preserve quite complicated seasonal patterns giving
more insight into the socio-technical system behaviour.
The presented case study illustrates how the proposed signatures contain, under a synthetic set of graphs, much information on the seasonality of the governing processes and
their eventual shifts in time. The multi-purpose system taken
Hydrol. Earth Syst. Sci., 18, 3787–3800, 2014
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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
warming. The different columns correspond to storage levels of 10 % (left), 50 % (middle) and 90 % (right) of storage capacity. The objectives
considered are the HEP (top graphs), the RLM (middle) and a combination of the two (bottom).

Figure 11. Sensitivity of MSWV signatures to precipitation changes in the case of the double-objective configuration (HEP + RLM). 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 single reservoir responding to a demand for hydroelectricity and
reservoir level maintenance during a touristic period in a climate 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 linear combination of the individual signatures, which reveals the potentially non-linear interaction or competition between objectives.

– When analysing signatures one by one, the smoothness of their shape and their amplitude seems to be informative. Both for MSWV and storage signatures, a
smoother shape shows a better seasonal fit between resource and demand and thus an easier manageability or
lower storage fluctuation needs.
Hydrol. Earth Syst. Sci., 18, 3787–3800, 2014

– When comparing signatures under different climatic
conditions, changes in shape reveal changes of the governing processes. For instance, the studied water system
seems to be more sensitive to warmer conditions than to
drier ones. Warmer conditions deeply modify the different signatures (MSWV and storage) in relation with the
behaviour of the snow-pack and the electricity demand.
Drier conditions provide more homothetic shape modifications, 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 MSWV signatures requires a more economical reasoning about the
www.hydrol-earth-syst-sci.net/18/3787/2014/
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Figure 12. Sensitivity of MSWV 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
more detail the full set of mechanisms behind the satisfaction of the assigned objective. For instance, in the
case of the RLM objective alone, the MSWV signature
will display the rather marked seasonality of the needed
management, and not only its mere result expressed by
a single reliability value, for example. In that sense, we
suggest that both signatures are useful.
This study has shown some limitations, opening perspectives for future studies. There is for instance the relative complexity of the system used for the demonstration. Real water resource systems generally deal with more objectives and
constraints and with a number of interconnected reservoirs.
With an optimization algorithm such as dynamic programming, additional constraints and requirements can be integrated quite easily (e.g. irrigation water demand, dam safety
management during floods or minimum flow maintenance
for ecosystem integrity). In the case of multi-reservoir systems, MSWV will be site dependent in addition to being
time and storage level dependent (Tilmant et al., 2008, 2009;
Wolfgang et al., 2009).
The simulation of future hydrological scenarios was here
driven by observed precipitation and temperature time series modified according to synthetic climate change scenarios using a classical perturbation methodology. The temporal variability of future meteorological variables is therefore
the same as that of the historical period. In particular, no
changes in the sequences of wet and dry periods are considered 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 expected to lead to longer and more frequent periods of resource scarcity. The influence of such regional climate modifications will be analysed considering a large set of scenarios recently developed within the RIWER2030 research
project (http://www.lthe.fr/RIWER2030/). For the studied region, those scenarios are obtained using different statistical
www.hydrol-earth-syst-sci.net/18/3787/2014/

downscaling models from a suite of GCM (global circulation
model) experiments (Lafaysse et al., 2014).
Finally, we note that MSWV is also frequently estimated
to determine an operating strategy for the real-time management of a water system. In such a case, the MSWV can be
obtained using stochastic dynamic programming in a configuration in which future inflows and water demands are unknown (e.g. Wolfgang et al., 2009). As a result of inflow variability and uncertain predictability, the MSWV is expected to
increase when compared to the MSWV obtained in the configuration of the present work (Draper et al., 2003; François,
2013). MSWV signatures obtained for an uncertain future are
also potentially very informative with regard to how an operational strategy is organized, what its key features are and
how it could change should the climate or demand change,
or both together. When they are conversely obtained for a
known sequence of inflow and demand, as in the present
work, MSWV signatures define the best possible manageability of the system. They are, therefore, not influenced by
possible changes in the predictability of future inflows and
demand. They furthermore separate in a sense the socioclimatic and the management components of the equilibrium.
In that regard, analysing changes in this signature is expected
to improve our understanding of modifications of the optimal
storage requirement scheme for this socio-climatic context as
well as modifications of system performance classically reported on the basis of a variety of performance criteria in
climate change impact analyses.
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Appendix A
In deterministic dynamic programming, the optimal storage
variation for each time step ti of the considered simulation
period [t0 , tN ] is identified in order to maximize the sum,
over the simulation period [ti , tN ], of the current benefits,
i.e. the benefits that would result from an immediate use of
water at time step ti , and of the optimal future benefits, i.e.
the benefits that would result from optimal storage variations
over the future simulation period [ti+1 , tN ]. The optimal future benefit Fti (sti ) obtainable from a hypothetical reservoir
level sti at time ti is often referred to as the Bellman Value for
this storage and time configuration (Bellman, 1957). It is obtained from a backward recursive calculation from the future
benefits estimated for time ti+1 :


 
Fti sti = g uti , sti , ti + Fti+1 sti+1 ,
(A1)
where the different terms are subject to upper and lower
bounds and mass conservation constraints. The state and decision variables are such that
smin ≤ sti ≤ smax

(A2)

and
umin ≤ uti ≤ umax ,

(A3)

where smin and smax are minimum and maximum bounds for
water storage volumes in the reservoir and umin and umax the
minimum and maximum bounds for release discharges. The
mass conservation equation is
sti+1 = sti + qti − uti − oti ,

(A4)

where qti is the inflow to the reservoir during the period
[ti , ti+1 ], and oti the losses (evaporation above the reservoir,
controlled and uncontrolled withdrawals from the reservoir
for irrigation, drinking water and other uses).
A discrete approach can be used to estimate the benefit
function Ft (s) when the dimension of the state vector is not
too large. An extensive discussion about the dimensionality
issue is presented in Yakowitz (1982). The final result is a table that gives the future benefits for different water levels and
each time step of the simulation period. For storage levels inbetween the a priori selected states, Ft (s) can be obtained via
interpolation. In our case, Ft (s) is estimated at a daily time
step and at 51 storage levels uniformly distributed between
the minimum and maximum storage bounds smin and smax .
A cubic spline interpolation method is used when needed
(Foufoula-Georgiou and Kitanidis, 1988).
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In the present study, end values are estimated as proposed
by Wolfgang et al. (2009). The duration of the simulation
period is artificially increased with a fictitious n-year initialization period, added at the end of the simulation period. The
initialization period is composed from several duplications
of the final year so that the storage water values at tN are no
longer influenced by the boundary conditions chosen at the
end of the extended planning period. The storage water values at tN are next used to estimate the corresponding Bellman
value FtN (s) from the reciprocal function of Eq. (A1).
The derivative of the future benefit function Ft (s) for a
given storage level s in the reservoir gives the optimal benefit
for a future use of one additional unit of water stored at this
storage level (Eq. 1). It corresponds to the marginal value of
storage water for this storage level s and time t:
Vt (s) =

∂Ft (s)
.
∂s

(A5)

As shown in Eq. (A5), the marginal value of storage water V
is time and storage level dependent. The MSWV signatures
proposed in Sect. 5 are derived from this computation.
The above-mentioned optimization stage provides the optimal future benefit Ft (s) for all storage levels s of the statetime table. This table can be used to derive the storage water values V for the same state–time grid. In a discrete approach, the derivatives are calculated with finite differences
from neighbouring water level states in the table.
The storage water values can be used in a second optimization stage to identify the optimal operation decision for the
current time ti , given the water level in the reservoir sti . This
operation maximizes the following equation:



g uti , sti , ti + sti+1 − sti .Vti+1 (sti+1 ) .
(A6)
The forward iterative optimization of Eq. (A6) can therefore give the optimal sequence of storage variations, resulting reservoir water levels, benefits and penalty costs over the
whole simulation horizon [t0 , tN ]. This simulation method is
usually referred to as the water value method (e.g. Hveding,
1968). The storage signature proposed in Sect. 4 is derived
from this computation.
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