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Abstract: Reevaluation of the reliability of reservoirs in meeting operating objectives is needed as the landscape and operational priorities
change. This study examined the individual and collective changes in reservoir performance at the 13 flood regulation projects within the
Willamette River Basin (WRB) in Oregon. By applying a scenario-based analysis, derived as part of a broader collaborative modeling
project, operational performance was evaluated in response to climate and operational change scenarios. Results indicated that, for the
climate scenarios analyzed, primary operating objectives of flood risk reduction and meeting summer biological opinion (BiOp) flow
targets were unlikely to be affected. Modest reductions in the ability to fully refill the reservoirs and to meet spring BiOp flow targets
were found, particularly under the more severe warming scenario. However, refilling the reservoirs 2 weeks earlier was effective in reducing the storage deficit introduced by climate change without compromising the ability to meet other operational objectives. Drawdown
scenarios for maintenance of aging infrastructure had minimal effect at the system scale. While the model was limited by the number of
climate scenarios represented and in its ability to represent the full range of variability of this large basin, the results cumulatively suggested that the hydrologic changes associated with the range of climate change examined were not likely to substantially reduce the
reliability of the Willamette Project in meeting operational objectives. Where potential deficiencies emerged, they could largely be mitigated through simple operational changes. Instead, it is likely that changes in the sociopolitical landscape (e.g., water rights allocations)
and management of water quality (e.g., temperature, harmful algal blooms) will be as or more important than hydrologic changes in
reducing reservoir performance in meeting operational objectives. DOI: 10.1061/(ASCE)WR.1943-5452.0001280. © 2020 American
Society of Civil Engineers.
Author keywords: Reservoir performance; Reservoir operations; Climate change; Flood regulation; Environmental flows.

Introduction
Reevaluation of reservoir operations and performance is needed as
society’s values, and water resources, evolve (Vonk et al. 2014;
Watts et al. 2011). Changing performance and priorities for reservoirs are associated with rising water demands from a growing population (Vorosmarty et al. 2000), depletion of groundwater (Wada
et al. 2012), shifting environmental regulations and values (Benson
2008), aging infrastructure (ASCE 2017), and hydrologic changes
in response to land use modifications (e.g., urbanization, forest harvest) and a changing climate (Vogel et al. 2011).
The impacts of climate change and increasing maintenance
needs for aging infrastructure may particularly challenge current
operational rules and performance, and potentially increase conflicts between reservoir purposes. For example, rising temperatures
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projected for the Pacific Northwest (PNW) (Mote and Salathé 2010;
Abatzoglou et al. 2014) are expected to impact water resources
by shifting precipitation from snow to rain, resulting in a reduced
snowpack and earlier spring snowmelt (Mote et al. 2005; Safeeq
et al. 2013; Tague and Grant 2004) leading to an increase in the
frequency of smaller flood events (Surfleet and Tullos 2013) and
reduction in summer flows (Tague and Grant 2004, 2009; Mote
et al. 2005). Reductions in summer low flows may increase competition for water supplies (IPCC 2007), such as those between hydropower production and environmental flows (Payne et al. 2004).
Projected changes in the timing of runoff may reduce the ability of
reservoirs to refill and to deliver water to users or for environmental
purposes (Anderson et al. 2008; Brekke et al. 2009). From the
infrastructure perspective, the aging of dams, outlets, and spillways as well as the changing of operations for environmental mitigation purposes and sedimentation that reduces storage capacity
has resulted in a rising frequency of maintenance for dams. The
average age of dams in the US is 56 years (ASCE 2017), and their
age and the lack of investment in maintenance (McGinnis 2014) is
starting to deliver visible consequences (e.g., 2015 dam failures in
South Carolina, failure of both spillways at Oroville Dam in 2017).
As resources become available and the most critical needs are
exposed, state and federal agencies are temporarily drawing some
reservoirs down to repair damaged spillways, outlets, and powerhouses (Ebner et al. 2016), with potentially important, though temporary, storage implications for flood risk reduction and water
supply.
Responses to these supply and storage changes emphasizes how
reservoirs contribute, both individually and collectively as a system,

05020021-1

J. Water Resour. Plann. Manage., 2020, 146(10): 05020021

J. Water Resour. Plann. Manage.

Downloaded from ascelibrary.org by Desiree Tullos on 08/17/20. Copyright ASCE. For personal use only; all rights reserved.

to maintain operational performance. Though performance can be
defined in a number of ways (Hashimoto et al. 1982; Herman
et al. 2015), the effects of changing hydrology and operations
are characterized by (1) the sensitivity of system performance to
variability, and (2) the slack and flexibility in a system’s storage
and operations for accommodating change. Sensitivity to changes
is relevant to both the hydrology within a basin (Mateus and Tullos
2016) and to decision pathways (Haasnoot et al. 2012) for identifying choices that are least sensitive to an uncertain future climate
(Lempert et al. 2006), including those that are “no-regret,” reversible, and include safety margins (Hallegatte 2009). The slack and
flexibility of water resources systems tend to be greater than is often
recognized (Tanaka et al. 2006) from regional to local scales,
though that flexibility is not without limits or costs (DiFrancesco
and Tullos 2015).
The aim of this study was to examine if changes due to
climate and operational variability were within the capacity and
flexibility of a networked reservoir system to respond to those
changes. More specifically, this work examined (1) the extent to
which networked reservoirs can accommodate changes at an individual reservoir, (2) if an increasing frequency of maintenance

at individual reservoirs poses a greater hazard for performance
of reservoir operations than landscape-scale changes in hydrology,
and (3) if network-scale operational changes can be effective at
mitigating the effects of changing hydrology and increasing
maintenance.
This study examined the individual and collective changes in
reservoir performance at the 13 flood regulation projects within the
Willamette River Basin (WRB) in Oregon. As part of a broad collaborative modeling project, a scenario-based analysis was applied
using a coupled hydrology–operational model to examine changes
in storage and operational performance due to scenarios of climate
change, increasing maintenance of reservoir infrastructure, and reoperation of reservoirs.

Study Area: Willamette River Basin
The WRB is a large tributary that drains north to the Columbia
River, with a catchment area of 29,728 km2 . The basin drains
a diverse landscape (Fig. 1) shaped by subduction tectonics, volcanism, flooding, and erosion. The headwaters along the eastern

Fig. 1. Willamette River geology and reservoirs.
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boundary of the basin, referred to as the High Cascades, are characterized by high elevations (∼>1,200 m), snowmelt hydrology,
and high-permeability soils that lead to high connectivity between
surface and groundwater. Downslope (∼400–1,200 m) of the High
Cascades, the Western Cascades represent older and more weathered volcanic rocks characterized by low-permeability rock and
rapid runoff responses to precipitation events. The western boundary of the basin is the Coast Range, which consists of weathered,
low-permeability soils, composed of basalt formations and sedimentary rock, at low elevation (<1,248 m). The Coast Range catchments are small and respond rapidly to precipitation, which falls
predominantly as rain.
Throughout the basin, the Mediterranean climate results in
highly seasonal water supply and demands. The long, wet winter
and spring snowmelt produce runoff that historically flooded large
areas of the Willamette tributaries and floodplains, resulting in significant loss of life and property. In response, a collection of reservoirs and revetments, known as the Willamette Project, were
constructed to reduce flood losses and augment summer flows.
The Willamette River is subject to the classic conflicts between
human and ecological uses of rivers. While the basin is home to
two-thirds of Oregon’s citizens, the population is mostly concentrated in urban centers (i.e., Portland, Eugene, Salem) around the
river. Coniferous forest comprises around 70% of the land use
across the basin, whereas agriculture, predominantly in the floodplain, occupies around 20% of the land use. As a result of land use
conversion, reduced floodplain connectivity, and impaired water
quality, a large number of plants and aquatic and terrestrial organisms in the basin are federally listed under the Endangered Species
Act (ESA) as threatened or endangered. Thirteen ESA-listed species of salmon and steelhead were impacted by the Willamette
Project (NMFS 2008), with the Upper Willamette River Chinook
at particularly high risk of extinction. Reasonable and prudent alternative actions were established to protect the ESA-listed species,
which included several changes to infrastructure and operations at
USACE reservoirs.
The 13 reservoirs in the Willamette Project represent a range of
storage capacities (Table 1). While all reservoirs were modeled, results were presented only for the systemwide performance and two
individual reservoirs: Detroit and Cougar. These reservoirs were
selected to reflect the range of reservoir sizes, variability in priority
of releases, and hydrogeology (e.g., groundwater versus surface
water dominated) across the basin. Detroit Reservoir, the second
largest reservoir and catchment in the system, is formed by an
141-m-tall dam that regulates 34% of the North Santiam River.
This forested, mixed surface–groundwater water catchment has an

Table 1. Characteristics of USACE reservoirs in the Willamette Basin
Reservoir
Blue River
Cottage Grove
Cougar
Detroit
Dorena
Fall Creek
Fern Ridge
Green Peter
Hills Creek
Lookout Point
System total

Catchment
size (km2 )

Storage
(106 m3 )

Degree of
regulationa

228
269
536
1,132
686
477
712
717
1,008
2,567
29,728

110
41
270
561
96
154
144
385
438
562
1,974

0.38
0.25
0.44
0.34
0.21
0.42
0.46
0.36
0.51
0.24
0.34

Note: The reservoirs with detailed analysis in this paper are in bold.
a
Ratio of storage capacity to mean annual inflow (Grill et al. 2014).
© ASCE

elevation range of 3,200 m at the peak of Mt. Jefferson to 378 m
at the dam. Cougar Reservoir is formed by a 183-m-tall dam that
regulates 44% of flows from the South Fork McKenzie River, a
groundwater-dominated catchment with an elevation range of
2,600 m at the highest peak to 512 m at the dam. In this area of
the Cascades mountain range, the rain-snow transition zone historically occurred at 350–1,100 m (Surfleet and Tullos 2013). A
greater proportion of the catchment draining to Detroit Reservoir
is above the rain-snow transition, producing a deeper snowpack and
stronger snowmelt signal into Detroit Reservoir during the late
spring months than for Cougar Reservoir.

Methods
Collaborative Modeling Framework
The modeling and analysis reported herein was conducted as part
of the Willamette Water 2100 (WW2100) project (Oregon State
Univ. n.d.). The multi-institution, collaborative effort examined
climatic, policy, and human drivers of water scarcity across the
WRB as a coupled human–natural system. All modeling was conducted within Envision (Bolte et al. 2006), a modeling framework
for integrating hydrologic, operational, land use, water rights, and
other models to study landscape change. The Envision framework
is a spatially distributed set of algorithms that enables and shares
data between multiple submodels to simulate processes that affect
the distribution, movement, supply, and demand for water in the
WRB. The collection of models (FLOW) that drive the supply
and movement of water (e.g., streamflow, snow and canopy evaporation, infiltration, irrigation decisions, enforcement of water rights,
reservoir operations) were simulated at a daily time step. FLOW
includes a rainfall-runoff model based on HBV (Seibert and Vis
2012), a detailed reservoir operations model based on ResSim, and
a model that incorporated detailed information on water rights to
characterize water use. The HBV-based watershed hydrology
model translates precipitation into snow and rain and partitions
snowmelt and precipitation into soil moisture and stream runoff.
There are four primary states defined by this component of the
modeling: snowpack development, the partitioning of infiltrating
water into a soil compartment and a fast runoff compartment,
the recharge rate into a slow runoff compartment, and the rate of
runoff of water into the stream network from the fast and slow runoff compartments. In this application of the model, the process of
parameter calibration was developed using the PEST (Doherty and
Johnston 2003) approach, as outlined in Jaeger et al. (2017). Highlevel, synthetic results (e.g., Jaeger et al. 2017) of the WW2100
project, as well as details on disciplinary models and findings
(e.g., Gleason and Nolin 2016; Jaeger et al. 2017, Appendix) and
stakeholder-researcher networks (e.g., Ferguson et al. 2018), have
been published elsewhere.
Reservoir Operations Model
The 13 federal reservoirs in the Willamette Project are operated as a
system with the objectives of flood regulation, hydropower production, recreation, fish and wildlife conservation, irrigation, and water
quality regulation. Regulating flood flows is the highest operational
priority for determining reservoir releases, and the priority of other
operating objectives varies by project and circumstance, as described in further detail subsequently. Due to the interdependent
operation of the reservoirs, operational changes at any reservoir impact other reservoirs. ResSim performs rule-based calculations that
are constrained by operational objectives, regulatory targets, and
priorities. As part of the WW2100 project, the structure and rules
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of USACE’s ResSim model were reproduced within Envision.
All operating rules and priorities within Envision duplicate those
implemented in USACE’s ResSim model, including the mandatory flow targets and release rules required under the 2008 biological opinion (BiOp) (NMFS 2008). The April–October minimum
flow targets vary across months and based on water year type
(i.e., abundant, adequate, insufficient, deficit), with the lowest minimum flow of 160 m3/s (6,000 cfs) on the Willamette at Salem,
Oregon, scheduled for July and early August.
Reservoir releases are based on operational zones at different
pool elevations and associated rule sets for each zone (i.e., flood
regulation, conservation, buffer, inactive). Flood regulation and
conservation storage are set by a rule curve, which was established as the water control diagram when the dam was authorized.
Subsequent rules and constraints have been added that include
minimum flows for fish, ramping rates, and maximum outlet
flows. The rule set is prioritized within each zone and across reservoirs, such that the model calculates release quantities from locations (i.e., powerhouse, regulating outlet, spillway) at each time
step to meet the highest priority rule. The model attempts to meet
all of the priority rules that are physically possible for all reservoirs. Each objective and constraint is evaluated at each time step,
and each time a constraint changes the outflow value, the name of
the constraint is stored as the active rule. Flows at important
downstream locations, henceforth control points, are used to establish releases at reservoirs upstream. Many reservoirs can be
influenced by a single control point (e.g., minimum flow for the
Willamette at Salem, Oregon) and many control points can be influenced by a single reservoir.

unscheduled maintenance of individual reservoirs. Reservoir
maintenance reflected the increasing frequency of maintenance
required for the Willamette Project’s aging infrastructure and
the need for infrastructure changes associated with specific actions
(e.g., temperature control towers, downstream passage of juveniles) required under the BiOp. This maintenance schedule
was programmed to occur in the model every 10 years, alternating between Detroit and Cougar Reservoirs and starting with
Cougar Reservoir in water year 2011. In the interest of space,
results of both operational scenarios are presented for only
the MixedT&P climate scenario because this scenario produced
higher January runoff and the flooding impacts of early refill
were a high priority for project stakeholders. However, the impact of the modified operations scenarios scaled similarly (similar percent reduction) across all metrics.
Evaluation of Model Fit and Reservoir Operations
Performance

Model Scenarios

Evaluation of Predicted Reservoir Inflows
Simulated historical reservoir inflows, using historical climate,
were compared to historical observed inflows to evaluate the reliability of the hydrologic model in replicating the key hydrologic
processes of the catchment. Nash-Sutcliffe efficiency (NSE) was
used to evaluate the signal-to-noise ratio of the hydrologic model
by comparing the magnitude of model residuals to the variance in
the observed data. While not a perfect measure of a model’s predictive capacity (Jain and Sudheer 2008), the NSE is easily interpreted, with a value of 1 representing a perfect fit between observed
and simulated inflows and a value of 0 representing a model that is
equally well represented by the mean of the observations.

Two types of model scenarios were analyzed: (1) climate change, or
(2) reservoir operations.
Regionally downscaled temperature and precipitation from two
climate change scenarios were used to simulate historical (1950–
2010) and future (2011–2099) reservoir inflows. The data sets were
derived from those outlined in Abatzoglou and Brown (2012) using
the multivariate adaptive constructed analogs (MACA) downscaling procedure. Details of general circulation model (GCM) selection followed the protocol of Rupp et al. (2013) and are detailed in
Jaeger et al. (2017). From the projections associated with 41 GCMs
and two representative concentration pathways (RCPs), a subset of
two representative scenarios was selected to best represent conditions in the study area. The MixedT&P scenario used climate inputs
from the regionally downscaled projections for the MIROC5 global
climate model with the RCP 8.5 emissions scenario. This scenario
resulted in a mixed effect of rising temperature, a projected increase
(þ3.9°C) in mean temperature, and rising precipitation (þ45 mm)
for 2070–2099 over the 1970–1999 means. The HighT scenario
used climate inputs from the HadGEM2−ES global climate model
with the RCP 8.5 emission scenario, resulting in an effect defined
primarily by rising temperature (þ5.6°C), with a small reduction
(−18 mm) in precipitation relative to 1970–1999 means.
Changing reservoir operations, based on early refill and reservoir drawdown, reflected the need for operational flexibility
and increased maintenance, respectively. The model scenarios
presented herein represent (1) a scenario (henceforth Early Refill)
with an operational adjustment of all reservoirs to begin refilling
2 weeks earlier to accommodate the projected shift from snow to
rain precipitation under climate change; and (2) a reservoir drawdown scenario (henceforth Reservoir Maintenance) in which one
reservoir was converted to run-of-river operations (inflow = outflow) for an entire water year as will occur during scheduled and

Analysis of Reservoir Operational Performance
Four metrics were analyzed to characterize the impacts of climate
change on the highest priorities for the reservoirs: (1) flood regulation, (2) hydropower production, (3) recovery of listed fish species via the minimum flow targets, and (4) refill for recreation and
water supply. The ability of reservoirs to meet the operating objectives was evaluated based on the concept of operational reliability,
where reliability is defined (Hashimoto et al. 1982) as the likelihood of achieving specific targets. For each climate change and
management scenario, projected future reliabilities were compared
to simulated historical, rather than observed historical, reliabilities
to avoid confounding hydrologic model error and the effects of experimental variables (climate change, reservoir operations) and because BiOp flows were not implemented until 2009.
For each reservoir and the system collectively, four metrics were
examined. The time reliability of flood regulation, henceforth
Flood Reliability, was calculated as the fraction of days for each
year within each decade that river elevations were below the flood
stage target at the control point at Salem, Oregon. The reliability of
hydropower production, henceforth Hydropower Reliability, was
calculated as the ratio of annual future discharge through the penstocks relative to mean annual historical penstock discharges, reflecting potential changes in operating rules that impact which
outlets are utilized. The reliability of reservoirs to refill, henceforth
Refill Volume Deficit, was calculated as the volumetric deficit of
storage relative to the target identified in the rule curve on May 20.
Finally, the reliabilities of meeting spring and summer flow targets,
henceforth Spring BiOp Reliability and Summer BiOp Reliability,
were calculated as the number of days that flows were above the
minimum required by the BiOp on the Willamette at Salem, Oregon
(NMFS 2008) divided by the number of days in each season for
each year within a decade.
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Fig. 2. Cumulative observed and modeled reservoir inflows at the (a) daily; and (b) monthly time steps from 1979 to 1994. Values were summed
across all reservoirs except Dexter and Big Cliff because they are reregulating reservoirs and Hills Creek and Green Peter because their inflows are
represented at downstream reservoirs.

Results
Hydrologic Model Reliability
Comparison of simulated to observed reservoir inflows indicated
that the hydrologic model was subject to biases in both the wet
winter months and the dry summer months (Fig. 2). The hydrologic
model underpredicted runoff during the wettest months, with errors
as large as −94.4 cm, but with a mean error of −6.1 cm across all
years. Review of observed and simulated snow water equivalent
(Fig. 3) indicated that the hydrologic model typically underpredicted the accumulation of snow, which likely contributed to the
underestimation of winter peak runoff.
To a lesser extent, the model consistently overpredicted inflows
to the reservoirs during the dry summer months, with a peak error
of 12.6 cm and a mean error of 0.5 cm. Overestimation of summer
runoff was likely associated with misrepresenting the groundwater
dynamics in the upper portions of this large basin (e.g., Fig. 4),
which is conceptually understood (Conlon et al. 2005) but with
major uncertainties due to the lack of groundwater monitoring that
has limited other groundwater modeling efforts in the basin (Herrera
et al. 2014).
While these model biases could potentially have been tuned
from the hydrological model, decisions regarding model calibration
were based on the WW2100 objective of studying water scarcity.
Thus, the hydrological model was accepted by the WW2100 project’s modelers when it produced reliable estimates of monthly reservoir inflows (Table 2), the impacts of which are articulated further
in the “Discussion” section.
Projected Changes in Reservoir Inflows under
Climate Change
Relative to the simulated historical median values, both climate scenarios predicted increasing inflows in the wettest month of January
© ASCE

[Figs. 4(a and b)], declining inflows during the peak of spring
snowmelt in May [Figs. 4(c and d)], and limited effect in the driest
month of August [Figs. 4(e and f)]. Some variability in the effect of
climate change on reservoir inflows was predicted across climate
scenarios. For example, the MixedT&P scenario produced higher
estimates of increases in January inflows in most decades than the
climate scenario (HighT) based solely on increasing temperatures.
The reduction in runoff from spring snowmelt was projected to be

Fig. 3. Modeled and observed yearly maximum soil water equivalent
(SWE) at five locations within the Willamette River Basin, over the
period for which observed Snow Telemetry (SNOTEL) SWE data were
initially available (1979–2010).

05020021-5

J. Water Resour. Plann. Manage., 2020, 146(10): 05020021

J. Water Resour. Plann. Manage.

Downloaded from ascelibrary.org by Desiree Tullos on 08/17/20. Copyright ASCE. For personal use only; all rights reserved.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4. Systemwide projected future daily reservoir inflow under the (a, c, e) MixedT&P; and (b, d, f) HighT scenarios in (a, b) January; (c, d) May;
and (e, f) August, representing the months of peak rainfall, spring snowmelt, and baseflow, respectively. The vertical line represents the median daily
value for each month from years 1970 to 2009.

more severe for the HighT scenario than for MixedT&P, particularly in the earlier part of the century. Differences between the
two scenarios for August were small, though the Mixed T&P scenario produced greater variability between years for each decade
than the HighT scenario.
© ASCE

Projected Changes in Storage Deficits
Climate Scenarios
Under historical conditions, the reservoirs reliably met their volumetric targets [historical medians, Figs. 5(a–c)], but under future
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Table 2. Nash-Sutcliffe efficiency of observed versus simulated historic
inflows for 1979–1994
Reservoir
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Blue River
Cottage Grove
Cougar
Detroit
Dorena
Fall Creek
Fern Ridge
Green Peter
Hills Creek
All reservoirsa

Monthly NSE

Daily NSE

0.77
0.87
0.81
0.84
0.87
0.82
0.93
0.80
0.82
0.77

0.33
0.43
0.38
0.34
0.39
0.38
0.58
0.38
0.37
0.39

Projected Changes in Spring and Summer BiOp
Targets

Note: The reservoirs with detailed analysis in this paper are in bold.
a
Includes all reservoirs except Dexter and Big Cliff, because they are
reregulating reservoirs, and Hills Creek and Green Peter, because their
inflows are represented at downstream reservoirs.

climate scenarios volumetric deficits were projected to increase in
some individual years and for some decadal periods, with varying
trends by reservoir and decade. The effect of climate change scenarios on Cougar Reservoir [Fig. 5(a)] were smaller (generally < 1 ×
108 m3 ) than the deficits projected for Detroit Reservoir [Fig. 5(b)],
likely due to the greater proportion of the Cougar Reservoir catchment being located below the current rain-snow transition zone. For
both reservoirs, the MixedT&P climate scenario produced smaller
deficits than the HighT scenario in most decades. Except for the
first decade of the simulations, the decadal medians of reservoir
deficits were zero through 2070 under the MixedT&P scenario for
both reservoirs, whereas the decadal medians were nonzero for
nearly every decade under the HighT climate scenario. At the system scale [Fig. 5(c)], deficits were still evident, as were the greater
effects of HighT relative to Mixed T&P. Thus, the HighT scenario
appeared to produce a greater storage deficit for both reservoirs,
and sensitivity to the climate scenarios was higher at Detroit
Reservoir, which drains a larger catchment and regulates more
snowmelt runoff than at Cougar Reservoir.
Management Scenarios
The Early Refill scenario reduced storage deficits in individual
reservoirs and systemwide for the MixedT&P climate scenario
[Figs. 5(d–f)]. Early Refill produced a larger benefit for Detroit
Reservoir [Fig. 5(e)] than Cougar Reservoir [Fig. 5(d)], and moved
the median deficit across the system [Fig. 5(f)] up to zero in nearly
every decade until the late century (2080, 2090).
The Reservoir Maintenance scenario for dam maintenance produced the expected deficit in individual reservoirs for the years they
were implemented. For example, deficits increased in years 2011,
2031, 2051, 2071 for Cougar Reservoir [Fig. 5(d)] and in years
2021, 2041, 2061, and 2081 for Detroit Reservoir. The visibility of
the effects of those operations at the systemwide scale [Fig. 5(f)]
depended on which reservoir was offline. At more than twice the
storage capacity, run-of-river operations to represent maintenance
at Detroit Reservoir were more pronounced than run-of-river operations at Cougar Reservoir.
Projected Changes in Flood Risk Reduction
Both in the past and in a future characterized by climate and management changes, the system is highly effective at reducing flood
risk, with zero days above flood stage for nearly the entire century,
even with one reservoir offline for a year each decade (Fig. 6). This
result highlighted the high priority of flood regulation in the operating rules for this system and the large volume of storage relative
© ASCE

to the hydrologic changes associated with climate change, early
refill, and any individual reservoir’s capacity.

Climate Scenarios
The effect of climate scenarios on the ability to meet spring and
summer BiOp targets were primarily concentrated on spring BiOp
targets [Fig. 7(a)], with high reliability in meeting summer BiOp
targets in the past and the future [Fig. 7(b)]. Reliability in meeting
spring BiOp targets was generally high throughout most of the century under the MixedT&P climate scenario. However, the ability to
meet spring BiOp targets decreased in the last two decades under
MixedT&P and was reduced across the entire century for the HighT
climate scenario. This result of reduced spring BiOp reliability was
consistent with the greater reduction in spring inflows and greater
storage deficits under the HighT scenario.
Management Scenarios
Results suggested that the examined operational changes are unlikely
to have large impacts on the ability to meet spring and summer targets, though spring BiOp target reliability declined in some years
with early refill.
Projected Changes in Hydropower Production
Climate Scenarios
Reductions in total hydropower production could conceivably result from increasing the frequency of spillway use for managing
rising inflows during the flood season. However, model results did
not indicate that changing hydrology or management would appreciably reduce hydropower production (Fig. 8). Instead, some weak
and nonsignificant trends appeared to suggest that powerhouse
flows could increase at Detroit [Fig. 8(b)] and systemwide [Fig. 8(c)]
over time except in dry decades at the end of the century. For most
decades, the potential increase in powerhouse flows appeared to be
stronger for the MixedT&P climate scenario than for HighT, both
within individual reservoirs and systemwide.
Management Scenarios
The effects of early refill and maintenance operations produced no
measurable impacts on hydropower production for the majority
of years.
Projected Impact of Changes to Reservoir Operations
Climate Scenarios
While the impact to reservoir performance was modest, the operations of reservoirs, as represented by the active rules that guide
reservoir releases, did change to accommodate the changing hydrology (Table 3). In the simulated historical scenario, the minimum flow constraint drove releases on more days (58%) than
the rule curve (32%) for Cougar, whereas the rule curve drove releases at Detroit and the system more broadly (49% and 47%, respectively). The effect of a warmer climate varied with reservoir
and climate scenario, but tended to shift operations toward regulating high flows for the Cougar (þ4% and þ5%) and Detroit (þ5%
and þ6%) reservoirs, decreasing the proportion of days that achieving the conservation pool, associated with the rule curve, controlled
releases. However, across the entire system, the frequency that
releases were dictated by the rule curve actually increased in the
MixedT&P, reflecting changes in operations at other reservoirs in
the system.
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(a)

(d)

(b)

(e)

(c)

(f)

Fig. 5. Storage deficits relative to rule curve targets for May 20 under climate change and management scenarios for (a and d) Cougar;
(b and e) Detroit; and (c and f) the entire system of reservoirs. The dashed lines represent the median values for the historical climate simulated
for the GCMs represented by MixedT&P and HighT. Simulated historical medians of annual volumetric deficits are from 1970 to 2009.

Management Scenarios
For both Cougar and Detroit Reservoirs, the Early Refill scenario
reduced the frequency that released flows were controlled by minimum flows and moved operations back toward the regulation of the
© ASCE

rule curve. The Reservoir Maintenance operations had small impacts on the active rules controlling releases.
Taken together, these results highlight how the prioritization of
the system’s operational rules offered some flexibility for achieving
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Fig. 6. Fraction of days below flood storage at the Salem, Oregon, control point on the mainstem Willamette River. Simulated historical medians were
calculated based on daily data from 1970 to 2009.

(a)

(c)

(b)

(d)

Fig. 7. Fraction of days within each season above the minimum flow targets for (a and c) spring; and (b and d) summer at the Salem, Oregon, control
point on the mainstem Willamette River. Simulated historical medians were calculated based on daily data from 1970 to 2009.
© ASCE
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(a)

(d)

(b)

(e)

(c)

(f)

Fig. 8. Ratio of annual future powerhouse flows to mean annual simulated historical powerhouse flows.

flood regulation and minimum flow targets as hydrology changes,
and how those objectives are achieved, primarily at the expense of
refilling the reservoir.

Discussion
Impacts of Climate and Management Changes on
Reservoir Performance
Consistent with other studies in Mediterranean climates (Lettenmaier
and Gan 1990; Milly et al. 2005; Vicuna and Dracup 2007; Brekke
© ASCE

et al. 2009; Payne et al. 2004; Tanaka et al. 2006), the impacts of
both climate change scenarios on reservoir inflows were associated
with increasing winter runoff and decreasing spring runoff. For operational objectives of flood risk reduction and meeting summer
BiOp flow targets, the effects of climate change were not detectable. Results indicated that the primary impacts of climate change
would be to increase storage deficits, particularly in individual reservoirs with inflows derived from snow-dominated catchments, and
that the HighT scenario was likely to produce greater storage deficits than the MixedT&P scenario. Results also indicated that some
reduction in meeting spring BiOp flow targets could occur, and that
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Table 3. Active rules establishing releases by reservoir for simulated historical, climate, and operational scenarios
Simulated
historical (%)

Percent change
MixedT&P

Percent change
HighT

Percent change
early refill

Percent change
Reservoir Maintenance

Operating rule

Coug.

Detr.

Syst.

Coug.

Detr.

Syst.

Coug.

Detr.

Syst.

Coug.

Detr.

Syst.

Coug.

Detr.

Syst.

Rule curve
Min flow
Flood control
Max outflow
Other

32
58
0
10
0

49
42
0
0
9

47
40
6
3
4

−2.1
−2.5
0.0
4.6
0.0

−3.5
−1.2
0.0
0.0
4.7

0.6
−3.3
0.5
1.3
1.6

−8.5
4.4
0.0
4.2
0.0

−16.0
10.2
0.0
0.0
5.8

−4.3
2.9
−1.6
1.3
2.3

3.4
−2.3
0.0
−1.3
0.0

3.6
−2.3
0.0
0.0
−1.4

2.2
−3.5
2.5
−0.5
−0.7

−0.2
−0.2
0.0
0.1
0.0

−0.5
0.3
0.0
0.0
0.2

−0.1
0.0
−0.1
0.0
0.1
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Note: Presented in percent of days across entire simulation period for the simulated historical time period and the percent change (scenario percent − historical
percent). For example, the effect of the HighT climate scenario was to decrease the number of days that rule curve was the active rule by 8.5% for Cougar and
16% for Detroit, whereas the percent of days where minimum flow controlled releases increased by 4.4% and 10.2% for Cougar and Detroit, respectively.
Results for the two operational scenarios (Early Refill and Reservoir Maintenance) are presented based on the MixedT&P climate scenario. Coug. = Cougar
Reservoir; Detr. = Detroit Reservoir; and Syst. = systemwide values for all reservoirs.

hydropower production could increase due to changes in the outlets
used for releases. Early refill was effective in reducing the storage
deficit introduced by climate change without compromising the
ability to meet other operational objectives. Maintenance scenarios
had minimal effect at the system scale. These results are consistent
with a regional analysis of the broader Columbia River Basin using
monthly simulations and different GCMs, finding that climate
change impacts are similar to historical variability and that summer
BiOp targets are the only operational objectives that may be impacted by the projected changes (RMJOC 2011).
These results indicated that the system, including both storage
capacity and operating rules, was generally effective at releasing
water as needed to meet system objectives. While increasing refill
deficits and reduced spring target reliability did indicate some potential for future impacts under the warmest climate scenario, a simple operational adjustment of early refill appeared to be beneficial
in reversing the effects of warmer climate. These results suggest
that the Willamette Project possesses some degree of slack, or excess capacity, and operational flexibility (DiFrancesco and Tullos
2015) for mitigating the hydrologic variability examined in this
study. Without additional climate scenarios and/or a scenarioneutral analysis of the system (e.g., Brown et al. 2012), it is unclear
if there is additional slack in the future system to accommodate
further changes beyond those examined in this study.
Studies in other basins [e.g., Red River Basin in Canada (Li
et al. 2010)] produced similar results, indicating that existing operational rules and storage can be adequate to maintain high reliability
for the range of hydrologic variability projected under climate
change. However, in some systems, that flexibility will require significant costs and coordination among water institutions and users,
including mechanisms for conjunctive use of groundwater and
water transfers (Tanaka et al. 2006). Other studies illustrate how
hydrologic variability associated with climate change can exceed
the capacity of the system and result in reduced operational reliability for operational objectives in India (Raje and Mujumdar 2010),
the US Northeast (Ehsani et al. 2017), Southeast Asia (Giuliani
et al. 2016), northern England (Fowler et al. 2003), the US broadly
(Kao et al. 2015), and the Columbia River Basin (Payne et al.
2004), to which the Willamette River is a major tributary. Results
of these studies indicated that trade-offs are likely to occur, particularly between power generation and water supply for agricultural
(Raje and Mujumdar 2010) or environmental purposes (Payne
et al. 2004) and between flood and drought resiliency (Ehsani et al.
2017).
In this study, early refill was shown to help mitigate climateinduced storage deficits at individual reservoirs and at the system
© ASCE

scale. This finding is consistent with other studies that have found
that rather minor adjustments in operations can rebalance the timing of storage to fully or partially mitigate the impacts of climate
change (Giuliani et al. 2016). In the WRB and some other systems
(Giuliani et al. 2016), these changes are achieved without major
trade-offs by utilizing the operational flexibility and existing slack
in storage capacity for the system. In addition, the effects of drawdown for maintenance operations were minimal at the system scale,
further verifying the value of slack and flexibility in the system.
Study Limitations
It was not the primary goal of the analysis to make unqualified predictions of reservoir performance in the future. Instead, this work
sought to examine if a networked system’s capacity and flexibility
was able to accommodate hydrologic variability associated with
changing climate and operational demands. As a scenario-based
case study in the WRB, conditioned on the specific climate projections, caution should be exercised in extending specific results more
broadly to other areas. First, while scenario-based analyses can be
effective in a number of water resources settings (e.g., Lienert et al.
2006; Payne et al. 2004), it is recognized that the use of the ensembled GCM output is a powerful approach in the study of climate
change, and that scenario-neutral decision scaling (e.g., Prudhomme
et al. 2010; Brown et al. 2012) approaches provide an alternative to
scenario-based analysis that is not subject to the uncertainties of climate projections. Both of these concepts may be useful in expanding
the analyses presented here, but are not expected to produce different
conclusions regarding the capacity of the Willamette reservoir system to adequately operate under the range of climate scenarios that
exist within the two selected here.
Several additional assumptions were made in defining the basin
and scenarios, including greenhouse gas (GHG) scenarios and a set
of assumptions inherent to the hydrologic model. In particular, it
was assumed that the rainfall-runoff model, developed for the collaborative Envision model under the WW2100 project, could be
effectively calibrated solely against stream discharge across a range
of locations in a large river basin. Results here focus exclusively on
stream discharge into reservoirs, which has been reliably captured
(Fig. 2, Table 2) at the monthly scale but indicated that some deficiencies existed for the daily scale. Detailed review of the errors in
daily reservoir inflows indicated that they were associated with
small errors in the timing of large peak flows contributed by the
underprediction of snow. From a processes perspective, the modeled hydrologic responses to climate change (Fig. 4) match expected responses based on physical processes. Thus, while the
errors in hydrologic modeling could impact the magnitude of
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measures for operational performance, they are unlikely to impact
the trends and broad conclusions regarding operations.
While the Envision model was developed and calibrated using
daily data, the project’s hydrologic modelers reported model fit
parameters based on monthly inflows to reservoirs without documenting how the parameters were calculated. As a result, the hydrologic model was finalized using parameterizations that produced a
weak fit to historical daily data, and was then used to project the
future runoff under climate and land use changes prior to review by
the entire project team. The outcome was uncertainty in the degree
to which some hydrologic processes were represented in the
hydrologic model (Fig. 3), leading to uncertainty in the reliability
of results that depend on daily data (i.e., flood regulation and
BiOp flows). While uncertainty in the hydrologic model is not
likely to alter the key conclusions of this study, model uncertainty
has affected estimates of climate risk and decision pathways in
other settings (Brekke et al. 2009). This outcome highlights one
of several challenges in collaborative modeling. Early and detailed discussion, as well as a relentless commitment to documenting and discussing assumptions, methods, and limitations,
is essential. In this case, more complete discussion would have
provided an opportunity for input from downstream data users
prior to the final model calibration. Project participants who rely
on model output from upstream modelers should be engaged in
the process of decision-making about the data from those upstream models.
Finally, while the analysis presented herein did not examine the
role of changing demographics, water demand, energy demands, or
other changes in institutions and infrastructure that could impact
reservoir performance, such analysis has been conducted as part
of the broader collaborative modeling effort of WW2100 (Jaeger
et al. 2017). Such changes have been demonstrated in other systems
to be significant. For example, increasing water demand is expected
to exert a greater pressure on reservoir operations than climate
change in some systems (Vorosmarty et al. 2000). Similarly, Tanaka
et al. (2006) demonstrated that the combined impact of climate
change and population growth were beyond the adaptation limits
of the California water resources system, but climate change alone
was not. Within the WRB, changes in water supply, water demand,
wildfire frequency, and evapotranspiration in the forested catchments did not dominate issues leading to water scarcity (Jaeger
et al. 2017). Instead, key determinants of basinwide scarcity were
based on economic and institutional factors, such as the cost of
conveyance and restrictions on water rights. It is our expectation
and experience that these other landscape-scale issues, as well as
regulation of downstream temperatures, mitigation of harmful algal
blooms, and additional operational requests (i.e., withholding releases for downstream restoration projects), are likely to be bigger
drivers of operational performance than hydrologic variability from
climate change.

Conclusions
This analysis aimed to examine if and how climate change and/or
operational changes would exceed or enhance the performance of a
system of networked reservoirs. The detection of where and when
the capacity of water infrastructure is exceeded by hydrologic perturbations is an essential task of water resources managers aiming
to maintain the reliability of water infrastructure in a changing environment and regulatory landscape. The literature on climate change
impacts on water resources systems has been growing, but the degree and nature of responses has varied across hydrologic and infrastructure systems.
© ASCE

This case study focused on the 13 federal flood regulation reservoirs located in the Willamette River Basin in Oregon, where
climate change is projected to shift precipitation from snow to
rain, resulting in earlier runoff. The methods included climate,
hydrologic, and reservoir operations modeling as part of a large
collaborative modeling project to study water scarcity in the basin. Results indicated that, for the climate scenarios analyzed, primary operating objectives of flood risk reduction and meeting
summer BiOp flow targets were unlikely to be affected. Modest
reductions in the ability to fully refill the reservoirs and to meet
spring flow targets were found, particularly under the more severe
warming scenario. However, starting refill 2 weeks earlier was
effective in reducing the storage deficit introduced by climate
change without compromising the ability to meet other operational objectives. Drawdown scenarios for maintenance of aging
infrastructure had minimal effect at the system scale. Taken together, results suggest that the hydrologic changes associated with
the range of climate changes examined herein are not likely to
substantially push the operations of the Willamette Project into a
vulnerable state where operational objectives are not regularly
met. If potential deficiencies emerge, it appears they can largely
be mitigated through simple operational changes without measurable increase in flood risk.
Further work should illustrate what key environmental and
sociopolitical factors may ultimately push the system toward
greater vulnerability. Given that water scarcity in the basin was determined to be driven by economics of conveyance and the legal
regulation of water rights (Jaeger et al. 2017), changes in the sociopolitical landscape may ultimately be more important than any
changes in the hydrologic landscape. For example, the allocation
of rights for water stored in the reservoirs to address rising municipal and irrigation demands, a process currently under consideration
(USACE 2017), could impose additional constraints on the current
operational flexibility that exists in the basin. Finally, it is anticipated that climate-related changes in water quality, particularly
temperature, are likely to produce important conflicts for water resources managers. Reservoirs may both contribute to (e.g., algal
blooms) and play a key role in mitigating (e.g., temperature) effects
of climate change on water resources and ecosystems. Evidence
from other systems [e.g., Shasta Lake on the Sacramento River,
California (USBR 2016)] illustrate that large volumes of water already are needed to provide appropriate temperatures for biotic
communities downstream. In a warming climate, the role of stored
water in regulating temperature is likely to increase. While this
work was beyond the scope of the WW2100 modeling effort, a
synthesis on how much water is used for thermal regulation currently would be beneficial to establish where and when temperature
mitigation comprises a significant proportion of stored water. Furthermore, models that couple future hydrology, reservoir water
quality, and reservoir operations would allow managers to project
how that proportion of stored water may change in the future and if
thermal criteria are even feasible under future hydrologic and water
quality conditions.

Data Availability Statement
Some or all data, models, or code that support the findings of
this study are available from the corresponding author upon reasonable request. Raw data are available online from the WW2100
website (http://inr.oregonstate.edu/ww2100/data-simulations).
Processed data are available from the corresponding author upon
request.
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