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s u m m a r y

This article aims to assess the value of adaptive reservoir management versus traditional operation prac-
tices in the context of climatic change for Northern California. The assessment uses adaptive decision
model being developed for planning and operational management of the Northern California (central val-
ley) water resources system (HRC-GWRI, 2007), coupled with a dynamic downscaling and hydrologic
modeling system described in Georgakakos et al. (this issue). The assessment process compares the water
system response in four simulated scenarios, pertaining to two management policies (traditional and
adaptive) and two hydrologic data sets (one for the historical and a second for a future scenario). The
assessments show that the current policy, which is tuned to the historical hydrologic regime, is unable
to cope effectively with the more variable future climate. As a result, the water supply, energy, and envi-
ronmental water uses cannot be effectively satisfied during future droughts, exposing the system to
higher vulnerabilities and risks. By contrast, the adaptive policy maintains similar performance under
both hydrologic scenarios, suggesting that adaptive management constitutes an effective mitigation mea-
sure to climate change.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Most reservoir and river systems are traditionally managed
through heuristic regulation policies derived based on historical
system response experience. In the US, this practice has become
institutionalized in the form of operation plans (prescribed in reg-
ulation manuals) which are followed routinely by the US Army
Corps of Engineers (USACE), the US Bureau of Reclamation (USBR),
and other management agencies. Reservoir and river systems com-
prise a critical infrastructure of the regional US economy and, given
their many users, benefits, risks, and liabilities, their operation
plans and policies were historically established through tedious le-
gal proceedings.

However, to protect against potential liabilities, legal proceed-
ings seek to anticipate all potential critical and conflicting outcomes
and set forth specific corrective actions to address them. Such out-
comes are derived from historical conditions (of inputs and de-
mands), and, as a result, traditional operation plans comprise
ll rights reserved.
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policies that tend to micromanage the historical stresses they seek
to restore. Commonly, they classify drought and wet conditions into
a few discrete categories (using aggregate indicators) and deter-
mine reservoir releases and/or storage levels that in the past would
have helped the system respond satisfactorily. Once these catego-
ries and policies are fixed, system operation is as simple as follow-
ing the pages of a manual, eliminating legal liabilities but also the
flexibility to alter the operation in response to unanticipated cir-
cumstances. Unfortunately, unanticipated circumstances arise of-
ten because reservoir and river systems evolve in complex ways
(on account of supply as well as demand), and a few aggregate cat-
egories cannot capture the full range of best management policies.

A second unintended consequence of the way reservoir opera-
tion plans and policies have historically evolved is that it discour-
ages the use of key science advances related to hydro-climatic
forecasting, multi-reservoir optimization, uncertainty character-
ization, and integrated water resources management. True adap-
tive water resources management relies critically on such
methods because they provide a formal and consistent framework
to distill the value of newly acquired information and tune system
operations to the variable and changing physical and socio-eco-
nomic circumstances. However, the value of adaptive management
cannot be realized if the operation policies are rigid, prescribing, as
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they often do, the quantities and timing of water stored and re-
leased regardless of new information.

In the past, an argument in support of traditional management
policies was that they are low risk, because managers ‘‘know
where they stand on.’’ However, studies have shown that the risk
of ignoring useful and decision-worthy information, including in-
put and other uncertainties, leads to more frequent and costly fail-
ures (Georgakakos et al., 1998; Yao and Georgakakos, 2001).
Presently, most water resources professionals appreciate the value
of adaptive management but also acknowledge that management
processes are legally and institutionally vested in traditional proce-
dures and are change resistant.

Adaptive management is compatible with legal and institu-
tional processes underlying the development of operation plans
and guidelines, if only these processes concerned themselves with
establishing the framework, broad objectives, and criteria for shared
water management and not with laying down policy specifics. This
would not only encourage the use of adaptive management and
new science advances but also the meaningful participation of in-
formed stakeholders, deliberating on shared and balanced opera-
tion policies relevant to current conditions.

This article aims to assess the value of adaptive management
versus traditional practices in the context of climatic change and
to demonstrate that the latter are ill-prepared to handle a more
variable and potentially changing climate. It also advocates that
adaptive management is an effective mitigation approach and
should become the technical foundation of reliable, well informed,
and science driven management processes and policies.
2. Climate change assessment studies for Northern California

Relevant previous studies assessing the sensitivity of Northern
California water resources include VanRheenen et al. (2004),
Tanaka et al. (2006), Medellin-Azuara et al. (2008), and Vicuna
et al. (2009).

VanRheenen et al., 2004, employed three PCM (Parallel Climate
Model) climate scenarios, a statistical downscaling procedure, the
Variable Infiltration Capacity (VIC; Liang et al., 1996) hydrologic
model, and a simulation model of the California Central Valley
water resources system (CVmod). CVmod simulates the monthly
response of the major federal and state storage projects including
the Bay Delta, and determines reservoir releases based on perfect
(deterministic) foresight of all future inflows and current or mod-
ified operating rules.

The study concludes that 21st century runoff is expected to
decline relative to historical runoff, especially in the southern sub-
basin (San Joaquin River valley). Shifts in seasonal hydrology, though
expected due to earlier snow melt, are not clearly discernible. Future
hydrology is expected to be drier than historical hydrology, leading
to increased percentage of critically dry water years from 18% in the
control scenario to 40% in the last third of the 21st century; 5–13%
lower reservoir storages; 4–11% hydropower generation reduction;
and a 10% decrease in system reliability relative to fishery require-
ments. Assessments were also carried out with modified reservoir
operation rules (as a potential mitigation measure), but these mod-
ifications were unable to offset the negative hydrologic alteration
impacts. The general conclusion is that climate change would impair
the system to an extent that changes in system operation (of the type
considered) could not restore past performance levels.

Tanaka et al. (2006), continuing work initiated by Lund et al.
(2003), consider two GCM warming scenarios, one dry (PCM) and
a second very wet (Hadley Centre Climate Model 2—HADCM2),
intending to bracket the extremes of climate change. The study
does not include formal downscaling procedures, but uses GCM re-
sults and historical inflow permutations to generate future hydro-
logic inflows. CALVIN, a water resources economic model (Draper
et al., 2003), is employed to simulate and optimize the response
of the entire California water system to future hydrologic and de-
mand scenarios. The simulation–optimization process uses a
monthly resolution; assumes perfect knowledge of hydrologic in-
puts (surface and groundwater), projected population levels, and
water demands (Landis and Reilly, 2002); and seeks to minimize
system-wide water scarcity and operational costs. The integrated
system representation is by necessity approximate, and some
water uses are not explicitly modeled (e.g., the Delta environmen-
tal conditions, fisheries, recreation, flooding, operational facility
constraints, adaptive management policy features, and possible
interactions between population growth and climatic change).
The study goal is to assess California’s adaptation capacity to long
term changes in climate, population, and land use change. Among
the considered adaptation measures are surface reservoirs;
groundwater recharge and banking; water conveyance infrastruc-
ture; wastewater reuse; desalination; water rights and pricing;
and water conservation and efficiency improvements.

Compared to historical conditions, the dry climate scenario re-
sults in 37% lower water deliveries (in the central valley); more
extensive use of groundwater; increased water conservation,
wastewater reuse, and desalination; 30% hydropower reduction;
significant water delivery shifts from agricultural to urban users
(in southern California); and 15% reduction of irrigated land. The
adaptation cost is 50% higher than the baseline, with conveyance
infrastructure expansion measures having the highest adaptation
value. Notwithstanding flooding consequences (not modeled), the
wet climate scenario impacts are generally positive relative to the
historical baseline. The study concludes that California can adapt
to severe population growth and climatic change, albeit at a signif-
icant economic cost, more intense utilization of groundwater re-
sources, and potentially serious impacts on agriculture and the
environment. It also suggests that complex systems with highly
interconnected physical and economic infrastructure can more
effectively cope with concomitant climatic and population changes.

In a follow-up article, Medellin-Azuara et al. (2008), re-assess
the California water resources and economic impacts using a dry-
warm (A2 emissions) scenario from the Geophysical Fluid Dynam-
ics Laboratory GCM and the same methods as Tanaka et al. (2006).
For a 30-year period centered around 2085, this scenario leads to a
27% reduction in annual streamflow and a more discernible hydro-
logic shift of higher flows earlier in the spring. The assessment
shows that total water scarcity is expected to reach 15%, with 9%
due to demand and population growth and 6% to climate change.
Agriculture is the most severely impacted sector with 22% average
scarcity statewide, increasing from north to south. Significant ad-
verse impacts are also reported for hydropower, environmental
flows, and reservoir levels. The article includes an interesting anal-
ysis of heuristic reservoir operation policies suggesting that system
performance improves when such policies (that depend on pre-
specified storage levels and specific water year classification cate-
gories) are properly modified for each climate scenario.

Vicuna et al. (2009), carry out an assessment for two high eleva-
tion hydropower systems located in sub-basins of the Upper Amer-
ican and San Joaquin Rivers. They use 12 GCM scenarios, six of the
B1 type and six of the A2. The scenarios are downscaled using the
Bias Correction and Spatial Downscaling (BCSD; Wood et al., 2004)
approach and subsequently used as input to the VIC hydrologic
model to develop reservoir inflows. The hydropower system is rep-
resented using a daily simulation and a sequential optimization
model which determines hydro-generation (or turbine release)
based on (a) an objective function that balances energy prices
and system storage and (b) simulated inflow forecast information.
The authors find that by the late 21st century, the American and
San Joaquin subsystems respectively exhibit the following average
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changes relative to the historical climate (control run): seasonal
shift of inflow hydrograph earlier in the year by 2 and 1 months;
annual inflow reduction of 10% and 18%; wet season high inflow
(90th percentile) increase of 24% and 71%; energy generation loss
of 12% and 10%; revenue loss of 9% and 8%; and annual spills in-
crease of 11% and 22%. The ranges for the above quantities are
large, varying between 40% and 120% of the average values. These
authors also conclude that reservoir operation rules must be mod-
ified to mitigate the impacts of the potential flow alterations.

The previous studies reach important and alarming conclusions
regarding California’s water future and collectively show that the
system response to future climates exhibit large uncertainties.
Most of the previous studies also agree that the current manage-
ment policies may not serve the state in the future as well as they
did in the past. This conclusion was derived indirectly by tuning
the management policy parameters to a particular climate scenario
and comparing the results with the baseline.

The study described herein takes a more direct and quantitative
approach to assessing the value of adaptive management versus
traditional practices under a variable and changing climate. The
assessment entails the use of a formal adaptive decision model
being developed for planning and operational management of
the Northern California (central valley) water resources system
(HRC-GWRI, 2007). This decision model is coupled with the
dynamic downscaling and hydrologic modeling system described
in Georgakakos et al. (this issue).
3. System description and decision support tools

3.1. The Northern California water and power system (NCWPS)

The reservoir and river network is schematically illustrated in
Fig. 1 and consists of six subsystems:
� Trinity River system including Clair Engle Lake, Trinity Power

Plant, Lewiston Lake, Lewiston Plant, JF Carr Plant, Whiskey-
town, Clear Creek, and Spring Creek Plant.
� Shasta Lake system including Shasta Lake, Shasta Power Plant,

Keswick Lake, Keswick Plant, and the river reach from Keswick
to Wilkins.
� Feather River system including Oroville Lake, Oroville plants,

Thermalito diversion pond, Yuba River, and Bear River. The
inflows from Yuba and Bear are not modeled separately in the
simulation model. The flow contributions to the Delta from both
rivers are lumped into an aggregated quantity called Sacra-
mento Accretion.
� American River system including Folsom Lake, Folsom Plant,

Natoma Lake, Nimbus Plant, Natoma Plant, and Natoma
diversions.
� San Joaquin system including the New Melones Lake, New Mel-

ones Power Plant, Tulloch Lake, Demands from Goodwin, and
the inflows from the main San Joaquin River.
� Bay Delta which is a key integrating element receiving inflows

from Sacramento, San Joaquin, and several local streams. In
addition to being a very rich biodiversity area, the Delta also
supplies fresh water to other California regions.

The Oroville–Thermalito complex comprises the State Water
Project (SWP), while the rest of the system facilities are federal
and comprise the Central Valley Project (CVP). The Northern Cali-
fornia River and Reservoir system provides two-thirds of the state’s
drinking water, irrigates 7 million acres of the world’s most pro-
ductive farmland, and is home to hundreds of species of fish, birds,
and plants. In addition, the system protects Sacramento and other
major cities from flood disasters and contributes significantly to
the production of hydroelectric energy. The Sacramento-San Joa-
quin Delta provides a unique environment and is California’s most
important fishery habitat. Water from the Delta is pumped and
transported through canals and aqueducts south and west and
supports a multitude of vital water uses.

An agreement between the US Department of the Interior, Bu-
reau of Reclamation, and the California Department of Water Re-
sources (1986) provides for the coordinated operation of the SWP
and CVP facilities (Agreement of Coordinated Operation—COA).
The agreement aims to ensure that each project obtains its share
of water from the Delta and protects other beneficial uses in the
Delta and the Sacramento Valley. The coordination is structured
around the necessity to meet the in-basin use requirements in
the Sacramento Valley and the Delta, including Delta outflow and
water quality requirements. Under normal hydrological conditions,
the inflows from the Sacramento River, San Joaquin River, and the
local stream flows can meet the needs of Delta demands and the
water export. However, during dry water years, extra water has
to be released from the upper major reservoirs to meet the de-
mands. The COA specifies the manner in which the required extra
water is shared by the large reservoirs in the Sacramento River ba-
sin (Clair Engle Lake [Trinity], Shasta, Oroville, and Folsom).

3.2. Overview of decision support tools used for planning

Several decision support tools exist and used to varying degrees
by federal and state management agencies. Such tools include sim-
ple spreadsheet models as well as detailed simulation and dynamic
optimization models.

3.2.1. DWRPS model
The California Department of Water Resources (DWR) Planning

Simulation (DWRPS) model (DWR, 1999) is the basis for several
existing models.

The DWRPS model represents the six NCWPS sub-systems de-
scribed above and simulates their operation in monthly time steps.
The network is represented by eight major reservoirs, eight large
hydropower plants housing 28 turbines, 14 river nodes with tribu-
tary inflows, 30 water supply nodes, and three river nodes with
anadromous fish flow requirements. The simulation begins with
the specification of a trace of upcoming inflows. The inflow forecast
trace is used to specify the water year type, a key indicator for
determining the water demand targets (also referred to as water
deliveries). The specification of the water year type is described
in the DWR website as well as in HRC-GWRI, 2010 (Appendix C).
The water year type may fall into one of five categories: critical,
dry, normal, above normal, and wet. Depending on the category,
the actual demand targets are obtained by multiplying the base de-
mand targets (model input) by an adjustment coefficient. The coef-
ficients are 0.5, 0.8, 1, 1.2, and 1.5, respectively, for the critical, dry,
normal, above normal, and wet water year categories. As in current
practice, the water demand targets in the DWRPS model are up-
dated twice a year, first in February and also in October.

The DWRPS model objectives are to (i) meet water delivery tar-
gets and minimum required flows at various river network loca-
tions, (ii) meet the environmental and ecological Delta
requirements associated with the X2 location and Delta outflow,
(iii) generate as much energy as possible, and (iv) maintain high
reservoir levels and sufficient carry-over storage. The maximum
X2 location target is 80 km from the Golden Gate Bridge.

Assuming that no extra release is required to meet the Delta de-
mands and water deliveries to southern California, reservoir re-
leases are determined to meet local requirements such as
minimum flows (supporting environmental and water supply
requirements) and target storage levels. If reservoir releases, along
with the contributions of Delta local streams, can meet the Delta
requirements, then the initial assumption is valid and no extra
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release is required. In this case, the model simulates the system re-
sponse using the actual historical inflows for the current month,
and the simulation process advances one month forward.

Otherwise, if the X2 requirement or the southern California
water delivery targets are not met, extra water is released from
the upstream reservoirs. The extra release is shared among the four
major reservoirs based on the Coordinated Operations Agreement
(COA) rule. With respect to intra-basin deficits, COA mandates that
they be met 25% by Oroville (the state-owned reservoir also known
as the State Water Project—SWP) and 75% by Trinity, Shasta, and
Folsom (the federal reservoirs comprising the Central Valley Pro-
ject—CVP). With respect to southern California exports and the
storage of excess water, COA mandates that they be shared 45%
and 55% respectively by SWP and CVP. In very dry years when stor-
age is insufficient to meet all demand targets, the first priority is
assigned to X2 (environmental and ecological requirements), and
the remaining water is used to meet the water delivery targets
as much as possible.

This process is repeated for every month until the end of the
simulation horizon. For each month, the simulation model records
reservoir storage levels, releases, water deliveries, target deficits,
energy generation, and all other quantities of interest, 271 in all,
of which 68 pertain to the Bay Delta. The complete mathematical
formulation of the DWRPS model can be found in HRC-GWRI
(2010) (Appendix E).

The DWRPS model is the basis for a simpler spreadsheet-type
model used by the US Bureau of Reclamation (Washburn (USBR),
personal communication, 2005), as well as a more detailed hybrid
simulation–optimization model named CalSim (Draper et al.,
2004), presently in its third version.
3.2.2. CALSIM and CalLite models
CALSIM (Draper et al., 2004) was developed jointly by DWR and

USBR. The model operates on a monthly time step, simulates the
operations of the SWP and CVP facilities with great spatial detail,
and uses a long deterministic inflow time series spanning several
decades. Though it is a simulation model, CALSIM is actually driven
by a linear programming solver. Its objective function is a weighted
sum of various objectives specified to mimic real-life water alloca-
tion priorities. Constraints are imposed to reflect physical capacity
limits and also impose other requirements, such as water quality
and minimum flow standards. Though primarily used in long term
planning studies, short and mid-range operations can also be ana-
lyzed by performing short duration simulations that use the latest
reservoir storages as initial conditions.

CalLite (Islam et al., 2011) is also a joint DWR and USBR product.
It is a screening model designed to be accessible to policy makers
without requiring extensive technical training and expertise in
water resources modeling. CalLite uses the GoldSim (GoldSim,
2007) system dynamics software to solve a set of algebraic equa-
tions representing the system water balance, constraints, and
objectives. The model covers the same geographic area as CALSIM
and also uses a deterministic inflow time series with a monthly
time step. CalLite models the SWP and CVP facilities at consider-
ably less spatial detail than CALSIM, but it employs CALSIM-de-
rived time series to represent smaller facilities, inflows, and
withdrawals not explicitly modeled. It includes several pre-speci-
fied scenarios that represent baseline conditions, as well as scenar-
ios that evaluate possible changes in the system infrastructure,
water demands, and climate. Even though CalLite offers less flexi-
bility in allowing the user to create new and customized scenarios,
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its user friendliness and computational efficiency make it attrac-
tive for interactive stakeholder deliberations.

3.2.3. CALVIN model
The California Value Integrated Network (CALVIN) model is a

water resources economic optimization model whose overall
objective is to minimize total water scarcity and operation costs
in California’s interconnected water system (Draper et al., 2003).
The water system comprises of 51 reservoirs, 28 groundwater ba-
sins (corresponding to entire aquifers or parts of aquifers), and 54
economically represented urban and agricultural demand areas,
along with over 1250 links representing the State’s natural and
built conveyance system.

CALVIN software is based on an optimization solver for water
resources systems called HEC-PRM (Hydrologic Engineering Cen-
ter-Prescriptive Reservoir Model), a network flow optimization
computer code developed by the US Army Corps of Engineers.

CALVIN allocates water optimally among the different compet-
ing water uses on a monthly time step. Scarcity occurs whenever
the user’s target demand is not fulfilled and scarcity cost is esti-
mated from the integral between target and delivery water
amounts below a water value (demand) curve. The basic economic
idea behind the model is to assign an economic cost to water scar-
city for each agricultural or urban demand node in a region. Each
demand node has a water delivery target, and the total cost is com-
puted as the cumulative piece-wise linear costs for deliveries less
than this target.

The model requires several datasets including, planted acres,
factor usage (i.e., land, water, labor, and agricultural supplies),
market price of products and production factors. Model input data
include, among others, surface and groundwater hydrology, water
facilities capacities and operational costs, urban water use, agricul-
tural water use, and environmental flow constraints. Major model
outputs include water allocations and delivery reliabilities; will-
ingness to pay for water (i.e., the economic value of delivering
the next additional unit of water); conjunctive water use opera-
tions; and overall economic benefits of efficient system operations.

CALVIN’s strength lies in its ability to explicitly integrate oper-
ations of surface and groundwater supplies and water reuse with
water use efficiency activities, including pricing and water markets
(Medellin-Azuara et al., 2007). Model assessments go beyond tra-
ditional cost-benefit analysis by using the economic value of water
for different users and supply costs to develop economically viable
combinations of water management strategies from a broad array
of options including system re-operation, conjunctive use, water
reuse and desalination, water markets, and reductions in water
use (Newlin et al., 2002).

As a deterministic optimization model, however, CALVIN’s main
inherent limitation is the assumption of perfect hydrological fore-
sight (Howitt, 1999) and static management policies and demand
targets. The model minimizes total water scarcity and operation
costs based on perfect knowledge of the hydrology for the entire
modeling period. This approach does not address hydrological
and economic uncertainty which could have significant ramifica-
tions for sustainable water resources management and use. There
is also need to incorporate more comprehensive valuation of water
uses other than agricultural and urban, including hydropower gen-
eration, recreation, flood control, fisheries, and water for environ-
mental and ecological sustainability.

3.2.4. INFORM DSS
The INFORM Decision Support System (DSS) modeling frame-

work is illustrated in Fig. 2 (HRC-GWRI, 2007). The DSS includes
multiple modeling layers designed to support decisions pertaining
to various temporal scales and objectives. The three modeling lay-
ers shown in the figure include (1) turbine load dispatching (which
models each turbine and hydraulic outlet and has hourly resolution
and a horizon of one day), (2) short/mid range reservoir control
(which has an hourly resolution and a horizon of one month), and
(3) long range reservoir control (which has a monthly resolution
and a horizon of one year). The INFORM DSS also includes an assess-
ment model which replicates the system response under various in-
flow scenarios, system configurations, and policy options.

The INFORM DSS is designed to operate sequentially. In a typical
application, the long range control model is activated first to con-
sider long range issues such as whether water conservation strat-
egies are appropriate for the upcoming year in the face of
climate and hydrologic forecasts. As part of these considerations,
the DSS quantifies several tradeoffs of possible interest to the man-
agement agencies and system stakeholders. These include, among
others, relative water allocations to water users throughout the
system (including ecosystem demands), reservoir coordination
strategies and target levels, water quality constraints, and energy
generation targets. This information is provided to the forum of
management agencies to use it as part of their planning decision
process together with other information. After completing these
deliberations, key decisions are made on monthly releases, energy
generation, and reservoir coordination strategies.

The short/mid range control model is activated next to consider
system operation at finer time scales. The objectives addressed here
are more operational (than planning) and include flood manage-
ment, water supply, and power plant scheduling. This model uses
hydrologic forecasts with a 6-h resolution and can also quantify
the relative importance of, say, upstream versus downstream flood-
ing risks, energy generation versus flood control, and other applica-
ble tradeoffs. Such information is again provided to management
agencies to support operational policy decisions. Such policies are
revised as information on reservoir levels and flow forecasts is up-
dated. The model is constrained by the long range decisions, unless
current conditions indicate that a departure is warranted.

Lastly, the turbine load dispatching model is activated to deter-
mine the turbine and spillway operation that will realize the hourly
release decisions made by the short/mid range decision process.
The results of this model can be used for near real time operations.

In developing the INFORM DSS, particular attention has been
placed on ensuring consistency across modeling layers, both with
respect to physical system approximations as well as with respect
to the flow of decisions. For example, the short/mid range control
model utilizes aggregate power plant functions that determine
power generation based on reservoir level and total plant dis-
charge. These functions are derived by the lower level model (tur-
bine load dispatching) which determines the optimal turbine loads
for each plant corresponding to the particular reservoir level and
total discharge. Thus, the short/mid range model ‘‘knows’’ how
much power generation will actually result from a particular
hourly plant release decision. Furthermore, the short/mid range
model generates similar energy functions to be used by the long
range control model. In this manner, each model has a consistent
representation of the benefits and implications of its decisions.

The three modeling layers discussed earlier address planning
and management decisions. The scenario/policy assessment model
addresses longer term planning issues such as the implications of
increasing demands, inflow changes, storage re-allocation, basin
development options, and mitigation measures. Altogether, the
purpose of the INFORM DSS is to provide a modeling framework
responsive to the information needs of the decision making process
at all relevant time scales and water uses.

Notable features of the INFORM DSS include:

(a) Reservoir releases are determined by dynamic rules that
consider current and anticipated water availability and
demands system-wide. Namely, the release of a particular
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reservoir depends on all system storages as well as inflow
forecasts and water use targets. These decisions are adaptive
and are updated every month. This aspect of the decision
models allows for exploring the benefit of adaptive manage-
ment under changing climate and water demands.

(b) System-wide storage and release optimization explicitly
considers inflow uncertainties through ensemble based fore-
casts. The goal is to identify release sequences that optimize
the reliability of meeting the stated demand targets (per-
taining to environmental and water supply requirements)
and power generation, while keeping reservoir storage
(including carry-over) as high as possible at pre-specified
spillage (and flooding) risk. Multi-objective tradeoffs are
generated by varying the acceptable reliability levels.

(c) The impacts of monthly decisions on flood protection,
hydropower, water supply, and other water uses are deter-
mined by high resolution models that optimize daily and
hourly releases, not by aggregate functions. This is possible
because the INFORM DSS includes a hierarchy of simulation
and decision models pertaining to multiple time resolutions,
from monthly to hourly (see discussion associated with
Fig. 2 above and further discussion in HRC-GWRI (2007)).
This feature is expected to provide more refined and reliable
assessments.

4. Assessment process

The assessment process consists of running the DWRPS and IN-
FORM DSS planning models sequentially for each month of the
assessment horizon (50 years). The assessment is carried out for
four cases, two for each management model (DWRPS or INFORM
DSS) and two for each hydrologic data set (historical and future).
To avoid hydrologic data spin-up transients, all runs start from
the 5th year of the hydrologic period with an assessment horizon
of 46 years. For presentation purposes, the calendar dates of the fu-
ture dataset are converted to the same calendar dates as the histor-
ical dataset. (Thus, the historical and future dataset results are
plotted on the same chart.)

In this assessment, the management policy generated by the
DWRPS model is referred to as ‘‘Current Policy’’ while that of the
INFORM DSS is referred to as ‘‘Adaptive Policy’’. There is no doubt
that the policy making process is far too complex to model exactly,
and the designation ‘‘current’’ is only used to indicate that the
DWRPS model policies incorporate many qualitative features char-
acterizing the actual policies.

The model simulations start with the generation of forecasts for
the upcoming inflows. An imbedded Historical Analog inflow fore-
casting model (Yao and Georgakakos, 2001) is used to simulate the
forecasts utilized by the California Department of Water Resources
(DWR). The HA model generates a 10-member inflow trace ensem-
ble for the upcoming 9 months, using the inflows of the most re-
cent three months as reference for selecting similar traces from
each dataset, excluding the current year. The HA model forecasts
are used to drive both management models.

The simulation process (see earlier discussion under the DWRPS
model, Section 3.2.1) is sequential for both models and is intended
to replicate the system response under the historical and future
hydrologic scenarios, water demand targets, and the current and
adaptive management policies. The comparison criteria include
reservoir storage levels, releases, water deliveries, target deficits,
energy generation, Delta outflow, X2 location, and other quantities
of interest for each month of the simulation horizon.

The main differences between the DWRPS and the INFORM DSS
planning models are as follows:
� Both models utilize forecasts generated by a Historical Analog

inflow model. However, DWRPS uses the median forecast trace
while the INFORM DSS uses the full forecast ensemble.
� The DWRPS model determines reservoir releases based on sys-

tem conditions and targets for the current month; this determi-
nation is based on the COA which has been based on historical
simulations and system performance. The INFORM DSS release
policy consists of dynamically generated 9-month release poli-
cies, the first month of which is only implemented and simu-
lated, while the rest are used to ensure that current decisions
anticipate future constraints and requirements. The INFORM
DSS releases are based on a formal stochastic optimization
scheme that optimizes the likelihood that Delta requirements
will be satisfied, water demand targets will be met, hydropower
will be optimized, and reservoirs will not be depleted or forced
to spill.
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� The DWRPS model determines water demand targets twice a
year, in February and October; the INFORM DSS determines
water demand targets at the beginning of every month.
� The DWRPS model follows the COA to allocate extra required

releases between SWP and CVP; the INFORM DSS optimizes
the allocation of the extra required water based on current con-
ditions and future forecasts and targets.

These differences are summarized in Table 1.
5. Assessment results

The assessment results pertain to monthly sequences of reser-
voir elevations, releases, energy generation, water deliveries,
deficits, X2 locations, and other important system variables
(HRC-GWRI, 2010). A comparative discussion of these sequences
is provided in the following five sub-sections: (1) inflow compari-
son, (2) current policy assessments under historical and future
scenarios, (3) adaptive policy assessments under historical and fu-
ture scenarios, (4) current versus adaptive policy comparison, and
(5) assessment summary.

5.1. Inflow comparison

Monthly inflow mean sequences of the four major reservoirs
Trinity, Shasta, Oroville, and Folsom are shown in Fig. 3 for two
periods: a historical period from 1970 to 2019, and a future period
from 2050 to 2099. The figure shows that mean inflows of the two
periods are very close during the dry months, but exhibit a shift
during the wet season. The overall monthly average values in the
future period are slightly smaller for Trinity, Shasta, and Oroville
as listed in Table 2.

Future inflows portend more severe droughts. This is shown on
Fig. 4 depicting the annual frequency curves of the total reservoir
inflow for the historical and future periods. The minimum annual
future inflow is 11,987 thousand acre-feet (TAF) compared to the
minimum annual historical inflow of 13,708 TAF, corresponding
to a 12.5% inflow decrease.

Thus, future inflows differ from historical inflows in three
important aspects. They exhibit slightly lower annual averages,
higher variability leading to more severe droughts, and a seasonal
shift of the wet season earlier in the year. All of these aspects are
Table 1
Current vs. adaptive release policy comparison.

Current policy Adap

� Generate inflow forecasts—median trace (HA). � Gen
� Determine water year type (DWR: C/D/N/AN/W).
� Adjust base demands based on year type.
� Determine next month reservoir releases to � Det

– meet water delivery targets and minimum
required flows at various river nodes, assuming
no extra releases are required to meet Delta
demands (X2) and pumping to South CA.

– m
– m

with
– g
– m

� If X2 requirements and south CA delivery targets are not
met, increase releases according to COA (roughly 25/75 rule).

(Syst

� If deficits persist, allocate water to meet X2 first, then south
CA water deliveries.

� Apply release and repeat at the next month. � Ap

Main policy differences
Current policy Adap

� Focuses on current month. � Op
� Deterministic. � Ris
� Adjusts demand targets twice a year. � Re-
� Follows COA in extra water allocation. � Fin
bound to influence the ability of the Northern California reservoir
system to meet its stated objectives. However, performance differ-
ences are expected to vary across objectives depending on the sen-
sitivity to different aspects of inflow changes. For example, average
water supply and average energy generation are expected to be
sensitive to average inflow changes; while spillage, drought water
deliveries, firm energy generation, and X2 location management
are expected to be sensitive to extreme inflow changes. The follow-
ing subsections quantify the degree to which these objectives are
met under the two management policies.

5.2. Current policy assessment under historical and future scenarios

The simulation sequences of reservoir elevation, reservoir re-
lease, water deliveries to southern California, energy generation,
X2 location, and Delta outflow support the following observations.

5.2.1. Reservoir levels and spillage
Reservoir levels exhibit more pronounced fluctuations under

the future scenario compared to the historical scenario, both in-
ter-annually and seasonally. The increased inter-annual fluctua-
tions are a consequence of the wider future inflow variability,
while the increased seasonal fluctuations are a consequence of
the increased phase shift between inflows and demand targets.
Spillage, defined as reservoir outflow in excess of turbine capacity,
increases to 1358 TAF under the future scenario from 1035 TAF un-
der the historical scenario.

5.2.2. Water supply deliveries
On average, the system delivers almost the same amount of

water per year in both periods (10,366 TAF under the future sce-
nario vs. 10,304 TAF under the historical inflow scenario). How-
ever, deliveries during droughts are reduced significantly in the
future scenario. During the most severe drought, the system can
only support 5955 TAF per year under the future scenario versus
7963 TAF under the historical scenario, corresponding to a 25%
reduction. Thus, compared to the annual average over the entire
period, water deliveries during the most severe drought year are
reduced by 42% for the future scenario versus only 22% for the his-
torical scenario. This performance degradation is a consequence of
(a) more severe future droughts and (b) the heuristic character of
the current policy tuned to the historical inflow regime. (Fig. 5,
tive, risk- based Policy

erate inflow forecasts—full ensemble (HA).

ermine reservoir releases for the next 9 months to
eet water delivery targets and minimum required flows at various river nodes,
eet environmental and ecological Delta requirements associated

the X2 location and Delta outflow,
enerate as much energy as possible, and
aintain high reservoir levels and sufficient carry-over storage.

em-wide, stochastic optimization; Not according to the COA.)

ply first month release and repeat.

tive policy

timizes over the next 9 months.
k based.
optimizes every month.
ds optimal allocation strategy each time.
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Fig. 3. Comparison of monthly reservoir inflows (thousand acre-feet per month) for the historical (blue/dashed) and future (red/solid) climate.

Table 2
Average annual inflows (thousand acre-feet—TAF).

Trinity Shasta Oroville Folsom Total

Historical 1623.04 7512.82 5586.63 3040.67 17763.17
Future 1594.78 7387.36 5479.26 3049.02 17510.42
Difference (%) �1.74 �1.67 �1.92 0.27 �1.42
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compares the annual water deliveries across the entire frequency
range.)
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Fig. 5. Total water deliveries comparison; current policy.
5.2.3. Energy generation
Energy generation follows a similar to the water deliveries pat-

tern. On average, the future scenario produces to 7176 GWH per
year compared to 7384 GWH of the historical scenario, a 2.8%
reduction. However, the annual energy generation during the most
severe drought (firm energy) under the future scenario is again
drastically lower than the historical scenario. Specifically,
3697 GWH of firm energy are generated under the future scenario
compared to 5095 GWH of the historical scenario, a 27% decrease.
Firm energy generation under the future scenario corresponds to
48% of annual energy generation while under the historical sce-
nario it corresponds to 31%. Fig. 6 compares the system energy
generation under the two scenarios across the entire frequency
range.

5.2.4. X2 location
The X2 location constraint (i.e., not to exceed 80 km from the

Golden Gate Bridge) begins to experience violations for the future
scenario, reaching a maximum of 108.5 km (1% probability of
violation).

5.2.5. Delta water outflow
The Delta water outflow is the excessive flow which discharges

into the sea after meeting all water demands. The Delta outflow
has a minimum constraint because of ecological requirements.
The assessment shows that during drought years in the future cli-
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mate, the system cannot meet the Delta outflow constraint and
registers violations.

5.3. Adaptive policy assessment under historical and future scenarios

Corresponding sequences of reservoir elevation, reservoir re-
lease, energy generation, water deliveries to the south, X2 location,
and Delta outflow were also generated by the INFORM DSS (adap-
tive policy) assessments. These results (fully presented in HRC-
GWRI (2010)) support the following comments.

5.3.1. Reservoir levels and spillage
The higher variability of the future inflows causes higher reser-

voir level fluctuations, both inter-annually and seasonally. To man-
age the increased inflow variability, the DSS policies utilize all of
the reservoir live storage. Spillage slightly increases to 1095 TAF
under the future scenario from 1087 TAF under the historical
scenario.

5.3.2. Water deliveries
Under the future scenario, the DSS policy delivers an average of

10,432 TAF of water per year compared to 10,536 TAF per year un-
der the historical scenario (less than 1% decrease). However, the
higher future inflow variability reduces the system ability to pro-
vide water during dry years. Specifically, the minimum annual
delivery for the future scenario is 9398 TAF, representing a 10%
reduction from its mean value. By contrast, the minimum annual
delivery for the historical period is 9725 TAF, corresponding to an
8% reduction from its mean value. The frequency curves of the an-
nual system water deliveries under the DSS management policy
are shown in Fig. 7.

5.3.3. Energy generation
Energy generation follows a pattern similar to that of the water

deliveries. On average, the future period produces 7119 GWH per
year compared to 7238 GWH of the historical period (a 1.6% de-
crease). However, the energy output during the most severe
drought (firm energy) is lower in the future scenario. Specifically,
the minimum annual generation of the future scenario is
4802 GWH compared to 5049 GWH of the historical scenario, a
5% decrease. Firm energy generation under the future scenario cor-
responds to 67% of the annual energy generation, while under the
historical scenario it corresponds to 70%. Fig. 8 depicts and com-
pares the entire frequency range of the system energy generation.

5.3.4. X2 location
The X2 requirement is always met throughout the historical and

future periods. However, although no violations are reported, the
80 km constraint stays binding for a longer time in the future per-
iod as a consequence of the seasonal inflow shift.

5.3.5. Delta outflow
The Delta water outflow requirements are always met through-

out the historical and future periods.

5.4. Current versus adaptive policy comparison

5.4.1. Reservoir levels and spillage
The performance with respect to reservoir levels essentially

conditions the performance with respect to all other criteria. Fail-
ures occur when the reservoirs experience excessive spillage or are
forced to deplete their storage causing water supply and other def-
icits. In this regard, the adaptive policy outperforms the current
policy resulting in better storage management during droughts
and less spillage during both hydrologic scenarios (HRC-GWRI,
2010, Figs. 6–28 and 6–29). Moreover, the current policy becomes
notably worse in the future scenario where inflows are more vari-
able and drought severity increases.

5.4.2. Water deliveries
The performance with respect to water deliveries depends on

the model ability to manage reservoir storage and exemplifies
the differences between the two policies. Under the current
policy, the frequency distribution of the actual water deliveries is
wider, providing higher amounts during wet years and lower dur-
ing dry years. By contrast, the water delivery distribution of the
adaptive policy is more concentrated, striking a better balance be-
tween wet and dry years. Specifically, under the historical period,
the minimum adaptive policy water delivery is 9725 TAF per year
which is 22% more than the 7963 TAF of the current policy (Fig. 9
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left graph). Under the future scenario, the minimum adaptive pol-
icy water delivery is 9398 TAF which amounts to 58% more water
than the 5955 TAF of the current policy (Fig. 9 right graph). Thus,
with respect to drought management, the performance of the cur-
rent policy degrades markedly under climate change. The same
trend is also observed in the mean deliveries where the adaptive
policy reverses the historical performance and slightly exceeds
the current policy in the future scenario.

5.4.3. Energy generation
The performance with respect to energy generation parallels

that of the water deliveries. Firm energy generation under the
adaptive policy is higher than under the current policy for the fu-
ture period (4802 GWH versus 3697 GWH). The mean energy gen-
eration is almost the same for both policies (7118 versus
7176 GWH per year for the historical period). The system energy
generation frequency curves for each hydrologic period and both
management policies are shown in Fig. 10.

5.4.4. X2 location
Finally, the adaptive policy manages the X2 location better than

the current policy. Specifically, in the future scenario, the current
policy violates the 80 km target by 28 km, while the adaptive pol-
icy always meets this target in both hydrologic periods. Model per-
formance with respect to the X2 is directly connected with the
performance with respect to water deliveries during droughts.
Thus, if the current policy were to meet the X2 target it would have
to limit its drought water deliveries (and firm power generation)
even more so that additional water is allocated to the Delta. In
all, these assessments clearly support the view that the adaptive
policy of the INFORM DSS outperforms the current policy in the
face of a changing climate.

5.4.5. Delta water outflow
The adaptive policy always meets the minimum Delta outflow

requirement in both hydrologic periods. The current policy violates
this constraint in the future scenario.

5.5. Assessment summary

The assessment findings are summarized in Figs. 11 and 12
which illustrate the percent differences of basin response by
hydrologic scenario and management policy. More specifically,
Fig. 11 summarizes the percent performance difference in the fu-
ture versus the historical scenario for each management policy.
The comparison criteria include:
� Annual Average Spillage (‘‘Avg. Spillage’’);
� Annual Average Water Supply Deliveries (‘‘Avg. WS’’);
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Fig. 9. Total water delivery sequences; historical (left) and future (right) p
� Minimum Annual Water Supply Deliveries (‘‘Min. WS’’);
� Annual Average Energy Generation (‘‘Avg. Energy’’);
� Firm Energy Generation (‘‘Firm Energy’’); and
� Maximum X2 Violation (‘‘X2 Violation’’).

The percent difference is computed as the criterion value in the
future scenario less its value in the historical scenario divided by
the historical value. For each criterion, the black bar corresponds
to the percent difference realized under the current policy, and
the red bar to the percent difference under the adaptive policy.

This bar chart shows that the performance of the current policy
worsens in the future scenario, registering substantial spillage in-
crease (�31.2%), reductions in the minimum water deliveries and
firm energy (25.2% and 27.4% respectively), slight reduction in en-
ergy generation (2.89%), and significant X2 violations (35.6%).
Modest increases of average water deliveries are also noted
(0.6%) as a result of the wetter average flows.

The statistics of the adaptive policy are more favorable, with
modest differences between the future and the historical period.
Spillage increases by 0.8%, average water deliveries decreases by
1.%, water deliveries during the most severe drought by 3.4% (as
opposed to the current policy’s 25.2% reduction), and average en-
ergy by 1.7%. Firm energy decreases by 4.9% and X2 registers no
violation in either scenario.

The performance differences between the two management
policies against the same criteria are contrasted in Fig. 12 for both
the historical and future periods. These differences are computed
as the criteria values realized under the adaptive policy less their
values under the current policy divided by the latter. Two bars
are again shown, one pertaining to the historical scenario (black)
and a second to the future scenario (red).

This figure shows that in the historical scenario the policy dif-
ferences are fairly minor across all criteria. However, the situation
in the future scenario is drastically different (red bars), with the
adaptive policy visibly outperforming the current policy, and
achieving consistently effective performance in both hydrologic
scenarios. The performance differences are particularly striking
with respect to providing water deliveries during droughts, main-
taining firm energy generation, and sustaining favorable environ-
mental conditions in the Bay Delta.

These performance differences are a direct result of the fore-
cast-management differences outlined in Table 1. More specifi-
cally, the current operational policy makes decisions based on
average deterministic forecasts updated twice a year, and follows
the existing regulation agreements (COA). By contrast, the adaptive
policy makes decisions (a) considering the full forecast uncertainty
updated every month, including the risks of extreme events and (b)
using a system-wide water utilization perspective optimal with
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respect to the current forecasts. These differences in the forecast-
management schemes are exacerbated during droughts because
of the hard Bay Delta X2 requirement.

These results demonstrate that adaptive management, in the
comprehensive form implemented herein, can effectively counter-
act the adverse impacts of climatic change and maintain historical
system performance. By contrast, the continued use of current
management approaches (developed based on historical climate
responses) leads to impaired performance under a changing climate.
The first part of this conclusion differs from those of previous studies
(e.g., Vanrheenen et al., 2004) which only analyzed current manage-
ment approaches and related parametric extensions. The present
study advocates that adaptive management, with due uncertainty
consideration, provides an effective and inexpensive first mitigation
line of defense against a changing and variable climate.

6. Conclusions and further research opportunities

6.1. Conclusions

This assessment compares the response of the Northern Califor-
nia reservoir system under two reservoir management policies and
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two hydrologic scenarios. The reservoir management policies in-
clude the current policy, simulated through the DWRPS model
(DWR, 1999), and an adaptive policy, generated by the INFORM
DSS (HRC-GWRI, 2007). The hydrologic scenarios comprise two
50-year inflow sequences, one reflective of historical and a second
of future atmospheric emissions and hydrology.

The assessments show that the current policy, which is tuned to
historical hydrologic regimes, is unable to cope effectively with the
more variable future climate. As a result, the water supply, energy,
and environmental water uses (Delta X2) cannot be effectively sat-
isfied during future droughts, exposing the system to higher vul-
nerabilities and risks. By contrast, the adaptive management
policy maintains similar performance under both hydrologic sce-
narios, suggesting that adaptive management constitutes an effec-
tive mitigation measure to climate change.

The simulation results support the following conclusions:
� Future A1B scenario portents intensifying water stresses (due to

seasonal inflow shifts and higher inflow variability) and higher
vulnerability to extreme droughts.
� Adaptive, risk based, reservoir regulation strategies are self tun-

ing to the changing climate, deliver more robust performance
than current management practices, and can considerably mit-
igate the negative impacts of increased water stresses.

Effective implementation of adaptive, risk based, reservoir reg-
ulation strategies require:
� More flexible laws and policy statutes (COA, heuristic rules,

etc.);
� A new level of institutional cooperation for water resources

management; and
� The adoption of adaptive decision support tools and concomi-

tant training of agency personnel in their effective use.

6.2. Further research opportunities

In addition to the recommendations provided in the companion
article (Georgakakos et al., this issue), the present research effort
would benefit from several extensions.
6.2.1. Incorporate the impacts of sea-level rise
This aspect is very important as sea level rise affects the Bay

Delta environmental conditions, the water supply to the south,
and all other water uses. Under higher sea levels, the current envi-
ronmental conditions in the Bay Delta can only be maintained if
fresh water inflow from the upstream watersheds increases. How-
ever, this would imply that all consumptive water uses be reduced.
The purpose of this assessment would be to quantify this tradeoff.
6.2.2. Assessments of other GCM scenarios (A2, A1B, etc.)
The scenario A1B is but one scenario of potential climate

change. Additional scenarios should be investigated to explore
the full range of potential water resources impacts under different
emissions strategies.
6.2.3. Assessments with daily and sub-daily temporal resolution
The assessment presented herein utilized a monthly time reso-

lution and, thus, focused on long term water resources impacts
such as drought management. Other climate change impacts
(flooding, energy economics, fisheries, etc.) pertain to finer tempo-
ral resolutions (daily and sub-daily response) and should also be
assessed. The INFORM assessment system includes tools of perti-
nent resolution that can carry out such assessments.
6.2.4. Conjunctive, statewide surface water – groundwater
assessments

On average, California’s water demands (with a population of
more than 35 million) exceed its natural supplies by approxi-
mately 6–8 million acre-feet (MAF). More specifically, annual aver-
age water supply is 78 MAF, of which 80% comes from surface
water resources and the remainder from groundwater (California
Department of Water Resources Bulletins). Average annual water
use is estimated at 80 MAF, of which 11% accrues to urban water
supply, 44% to agriculture, and 45% to environmental and ecologi-
cal uses. However, during droughts, water supply declines by 25%
or more, creating severe water shortages and the need for risk
based and adaptive planning and management. The purpose of this
extension would be to carry out an integrated assessment of all
water sources to quantify the impacts on each and all water use
types. The findings of such an assessment would provide informa-
tion the state needs for sustainable water supply planning.

6.2.5. Integrated economic assessments
The socio-economic implications of climate change under vari-

ous climate, demand, and management scenarios can be assessed
by combining the strengths of the existing assessment tools. This
would require that (1) CALVIN’s economic valuation modules be
expanded to include all pertinent water uses and (2) INFORM
DSS, CALSIM, and CALVIN be linked to provide a more reliable rep-
resentation of the management alternatives, the physical system
response, and the accrued economic benefits, costs, and risks. This
integrated approach would rely on (1) INFORM DSS to generate
adaptive storage, release, and power generation strategies that
meet environmental and water supply requirements at acceptable
risk levels, (2) CALSIM to translate the implications of the adaptive
policies for each stakeholder, and (3) CALVIN to assess the associ-
ated economic benefits and costs.
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