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a b s t r a c t

Federal hydropower plants account for approximately half of installed US conventional hydropower
capacity, and are an important part of the national renewable energy portfolio. Utilizing the strong linear
relationship between the US Geological Survey WaterWatch runoff and annual hydropower generation, a
runoff-based assessment approach is introduced in this study to project changes in annual and regional
hydropower generation in multiple power marketing areas. Future climate scenarios are developed with
a series of global and regional climate models, and the model output is bias-corrected to be consistent
with observed data for the recent past. Using this approach, the median change in annual generation at
federal projects is projected to be -2 TWh, with an estimated ensemble uncertainty of ±9 TWh. Although
these estimates are similar to the recently observed variability in annual hydropower generation, and
may therefore appear to be manageable, significantly seasonal runoff changes are projected and it may
pose significant challenges in water systems with higher limits on reservoir storage and operational
flexibility. Future assessments will be improved by incorporating next-generation climate models, by
closer examination of extreme events and longer-term change, and by addressing the interactions among
hydropower and other water uses.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In the United States, federal hydropower plants (i.e., owned and
operated by federal agencies and marketed through DOE [Depart-
ment of Energy] PMAs [power marketing administrations]) account
for approximately half of installed US conventional hydropower
capacity, and are an important part of the national renewable en-
ergy portfolio. The 132 federal hydropower projects generated an
annual average of 120.6 TWh over the period from 1971 to 2008
[34], approximately 3% of the national combined total across all
different sources of energy (e.g., nuclear and coal). More important,
most of the hydroelectricity generated from these federal projects
k Ridge, TN 37831-6038, USA.
is sold to public bodies, such as municipalities, non-profit organi-
zations, and other public corporations or agencies, at the lowest
possible rates consistent with sound business principles, not fully
for revenue [21].

Despite its higher initial capital investment, hydropower is a
favored source of electricity generation owing to its operational
flexibility and low maintenance costs (i.e., the “fuel” is generally
free of charge, and renewable). Therefore, when conditions allow,
utilities will try to optimize the usage of existing hydropower ca-
pacity before switching to other fuel-dependent energy sources to
maximize revenue, especially during daily peak load periods. While
hydropower operation is controlled on shorter time scales (hourly,
daily, monthly) by variables such as water usage allocations, daily
energy demand, pool elevation, turbine efficiency, flood protection,
and other environmental constraints, on longer time scales (annual
and longer) it is mainly water availability that dominates the
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Nomenclature

BCSD bias-corrected and spatially downscaled
BPA Bonneville Power Administration
CCSM3 community climate system model version 3
DJF winter, December/January/February
DOE Department of Energy
EBHOM energy-based hydropower optimization model
EIA Energy Information Administration
GCM global climate model
HM hydrological model
HUC8 8-digit hydrologic unit
IBWC International Boundary Water Commission
IPCC Intergovernmental Panel on Climate Change
JJA summer, June/July/August
MAM spring, March/April/May
NHAAP National Hydropower Asset Assessment Program

NWIS National Water Information System
ORNL Oak Ridge National Laboratory
PMA power marketing administration
PRISM parameter-elevation regressions on independent

slopes model
RCM regional climate model
Reclamation Bureau of Reclamation
RegCM3 regional climate model version 3
SEPA Southeastern Power Administration
SON fall, September/October/November
SWPA Southwestern Power Administration
TVA Tennessee Valley Authority
US United States
USACE United States Army Corps of Engineers
USGS United States Geological Survey
VIC variability infiltration capacity
WAPA Western Power Administration
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amount of hydropower generation. Therefore, high interannual
streamflow variability presents challenges for business planning.
For instance, the difference in total US hydropower generation
between a wet year, such as 1997, and a dry year, such as 2001, can
be as much as 40%, with such variation causing significant un-
certainties in managing water usage, reservoir operation, and sales
of power [28].

Given the direct linkage between streamflow availability and
climate change, this issue may be further complicated in the future
in response to continued global warming. To evaluate potential
climate change impacts on hydropower, two analytical components
are required: (1) a calibrated water resources relationship that can
help translate streamflow into hydroelectric energy potential, and
(2) future climate change scenarios, such as those that are gener-
ated from GCM (global climate model) projections. However,
because US federal hydropower plants are widely distributed
across the entire country, with diverse hydrologic conditions and
different operational objectives, development of a uniform model
to simulate their responses to climate change would require sub-
stantial resources.

Important progress has been made in assessing the potential
impacts of climate change on hydropower generation on smaller
spatial scales. Robinson (1997) [33] used a Reservoir Depletion
Model to study how the hydropower systems of Duke Power and
Virginia Power in the southeastern United States might react to a
stylized 2 �C increase in temperature and 10% decrease in precipi-
tation. Mimikou and Baltas (1997) [27] used a runoff-based water
balance model with three GCM-derived future climate scenarios to
study the sensitivity of annual hydroelectric energy production of a
large multipurpose reservoir in northern Greece. Christensen et al.
(2004) [6] analyzed the effect of climate change on the water re-
sources of the Colorado River Basin in the United States using three
downscaled climate projections generated from the Parallel
Climate Model [40]. Vicuna et al. (2008) [42] used a linear pro-
gramming model with four GCM-driven scenarios to investigate
how climate change may impact an 11-reservoir system in the
Upper American River Basin in California. Hamlet et al. (2010) [18]
used two climate scenarios (constructed from projections of 20
GCMs) and a Columbia Simulation reservoir model (designed and
modeled for 20 selected major reservoirs in the Columbia River
Basin inWashington state in the United States; [17]) to evaluate the
potential effects of climate change on the seasonality and annual
amount of hydropower generation in the Pacific Northwest region.
Other studies related to the assessment of climate and hydropower
were reported by Refs. [1,19,35,38,43,24].

Although these studies have laid foundations for examining
climate change impacts on selected hydropower plants, assessing
impacts across large spatial scales remains a major challenge. For
instance, it is still unclear how climate change impacts on hydro-
power generation at regional and national scales can be estimated
(e.g., joint responses to larger-scale extremes like droughts). Given
the complexity of surface water storage, management, and distri-
bution systems, and the proprietary nature of existing hydropower
models and data [22], it would likely be very costly and time-
consuming to develop a large-scale energyewater model through
a conventional reservoir-based approach. Even a full computational
model could be built (with hundreds of hydropower plants), it will
likely entail a large number of site-specific parameters that are
challenging to calibrate and validate. Therefore, a simplified
approach is required in the interim. An example is the EBHOM
(energy-based hydropower optimization model), in which a
simplified energy flow method has been used to evaluate climate
change impacts on more than 135 high-elevation hydropower
plants in California [22,23]. Another example is demonstrated by
Markoff and Cullen (2008) [24], in which regression is used to
predict the average annual streamflow and hydropower generation
from the winter/summer precipitation fraction and temperature
change so that the assessment can be expanded to cover more
climate change models.

In the present study, a runoff-based alternative approach was
developed to project the change in annual hydropower generation
of the US federal hydropower plants. The assessment includes a
series of hydro-climatic models and statistical techniques,
including GCM projection, RCM (regional climate model) simula-
tion, HM (hydrological modeling), historic runoffegeneration re-
lationships, and a US national hydropower data set. The methods
and results are described in the following sections.

2. Methods

2.1. Scope and study area

Federal hydropower in the United States is generated from 132
plants that are owned and operated by the USACE (US Army Corps
of Engineers), the Bureau of Reclamation (Reclamation), or the
IBWC (International Boundary Water Commission) (Fig. 1). The



Fig. 1. The US federal hydropower plants. These 132 federal hydropower plants (owned by Reclamation, USACE, and IBWC) are divided into 18 study areas based on river basin
hydrology and power systems. The colored regions are their corresponding drainage watersheds.
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USACE operates 75 hydropower plants with a total rated capacity of
21.5 GW in 16 states fromWashington to Georgia. In addition, there
are another 90 nonfederal hydropower plants located at USACE
dams with an additional 2.3 GW of capacity [39], regulated by the
US Federal Energy Regulatory Commission. Reclamation owns and
operates 58 power plants with a total rated capacity of 15.1 GW in
11 western states (not including those hydropower plants owned
by Reclamation but operated by others through lease of power
privilege). IBWC owns and operates two smaller hydropower pro-
jects (Amistad and Falson) on the Rio Grande River with a total
capacity of 98 MW. The largest facility is the Reclamation Grand
Coulee Dam on the Columbia River in Washington State, which is
among the ten largest dams in the world and has an installed ca-
pacity in excess of 6.9 GW. The most recently commissioned facility
is the USACE R. D.Willis project, which came on line in 1989. Except
for some turbine replacement and expansion, overall federal hy-
dropower capacity has varied little in the past two decades.

Hydroelectric energy generated from these federal projects is
marketed through four PMAsdBPA (Bonneville Power Adminis-
tration), SEPA (Southeastern Power Administration), SWPA
(Southwestern Power Administration), and WAPA (Western Power
Administration)deach constituting a separate assessment region
in this study. By law, PMAs are to give preference in the sale of
federal power to public bodies, such as electric cooperatives and
municipalities (also known as preference customers). If excess
power is available beyond the needs of preference customers, the
PMAs may sell surpluses to non-preference entities. In practice, the
cost-based rates that the PMAs charge their customers are gener-
ally lower than the profit-based rates charged by investor-owned
utilities [13]. The 132 federal hydropower plants are further
grouped into 18 assessment areas, labeled BPA-1, BPA-2,…, SEPA-4
in Fig.1, based on river basin hydrology and power systems (see Ref.
[34] for a detailed list of hydropower plants). Note that hydropower
plants owned by the TVA (Tennessee Valley Authority) are not part
of this study because the hydropower produced by TVA is not
marketed through PMAs.

2.2. Data sources

The conditions of the US federal hydropower infrastructure
were obtained from the ORNL (Oak Ridge National Laboratory)
NHAAP (National Hydropower Asset Assessment Program) [28].
The core of NHAAP is a geospatial database that contains
hydropower-related data on plant capacity, turbine types and ages,
dam characteristics, and stream geography. The historic hydro-
power generation data were collected from the DOE EIA (Energy
Information Administration) Form 923 Monthly Generation Data-
base [14] from 1989 through 2008. When available, more accurate
generation records provided by Reclamation, USACE, and the PMAs
were used to update parts of the survey-based EIA plant generation
data. The monthly plant generation data were then aggregated for
each PMA study area for further analysis.

To summarize the historic andmodeled precipitation and runoff
for a hydropower plant, the contributing upstream drainage area
was delineated and used to compute the spatially averaged pre-
cipitation and runoff from existing data sets. Based on the
geographical coordinates of the most downstream hydropower
plants in each river system in each PMA study area, the contributing
watersheds were assembled by 12-digit hydrologic units from the
Watershed Boundary Dataset [29], shown in Fig. 1. Parts of the
contributing watersheds of BPA-1, BPA-3, WAPA-1, andWAPA-5 are
located in Canada or Mexico, where the watershed boundaries
were collected from the USGS (US Geological Survey) National
Hydrography Dataset Plus version 1 [16].

The observed temperature and precipitation in each PMA study
area were computed from the grid-based Parameter-elevation Re-
gressions on Independent Slopes Model meteorological observa-
tion data set (PRISM [8,9]). By considering the orographic effects
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and some other adjustment factors, PRISM uses a knowledge-based
statistical technique to assimilate grid-based precipitation and
temperature from a large set of surface meteorological stations.
PRISM is available monthly from 1895 to the present in 1/24�

(~4 km) spatial resolution. Since PRISM is available only within the
conterminous United States, the University of Delaware Air Tem-
perature and Precipitation dataset [41] was used to provide mete-
orological observations for watersheds in Canada and Mexico
(needed for BPA-1, BPA-3, WAPA-1, and WAPA-5). The monthly
average temperature (C) and total precipitation (mm/month) from
1989 through 2008 were then summarized for each PMA study
area.

Given the regionalization approach used in this study (i.e.,
grouping multiple hydropower plants together for analysis),
spatially representative flow information is needed to study the
water availability in each hydropower study area. Therefore, the
USGS WaterWatch runoff [5] was used to provide observational
runoff measurements. WaterWatch runoff is the assimilated
monthly time series of flows per unit of area calculated for each
conterminous 8-digit hydrologic unit (HUC8), derived from the
comprehensive gauge observation network (thousands of gauges
nationwide) that is maintained by the USGS NWIS (national water
information system). For each HUC8, multiple NWIS gauge stations
located within or downstream of the HUC8 are used to estimate the
runoff generated locally at each HUC8, with gauge weighting fac-
tors determined by joint contributing drainage areas (both gauge-
to-HUC8 and HUC8-to-gauge). This approach can effectively
assimilate streamflow observations frommultiple gauge stations as
a consistent areal HUC8 runoff measurement that has a unit similar
to that for precipitation (depth/time). WaterWatch runoff has been
used and discussed in several recent hydro-climate studies,
including Ashfaq et al. (2013), Beigi and Tsai (2014), and Oubeidillah
et al. (2014) [3,4,30]. For upstreamwatersheds outside of the United
States (in particular, BPA-1 and BPA-3), runoff is computed, using a
similar approach, by 62 gauge stations with natural flow conditions
from the HYDAT Database [15]. All contributing watersheds in
Canada are treated as a whole with no further subsetting. Given the
insufficient streamflow observation in the non-US portions of
Fig. 2. The 1989e2008 annual total generation G (TWh), runoff (mm), and precipitati
generation-runoff (rGQ) and generation-precipitation (rGP) is also shown in each panel.
WAPA-1 and WAPA-5, runoff was not estimated for the non-US
portion of these two study areas. The monthly areal average
runoff (mm/month) time series were then computed for each PMA
study area, from 1989 to 2008.

The annual total generation G (TWh), runoff Q (mm), and pre-
cipitation P (mm) are summarized in Fig. 2 for each PMA. In terms
of generation, BPA is the highest, followed by WAPA, SEPA, and
SWPA. As stated, the large interannual streamflow variability is a
main reason for the high fluctuation in annual generation. In the
worst cases, such as 2006 in the SWPA, the annual generation could
be four times lower than the maximum generation in 1993. For
runoff and precipitation, the highest is SEPA, followed by BPA,
SWPA, and then WAPA. The different order between generation,
runoff, and precipitation is due to the topography (more precisely,
the different hydraulic heads in existing power plants). The corre-
lation coefficient between annual generationerunoff (rGQ) and
generationeprecipitation (rGP) is also shown in Fig. 2. Except for
WAPA, a strong correlation between the annual time series can be
observed. In particular, annual runoff has a surprisingly high cor-
relation to annual generation. These data were further analyzed to
develop the statistical relationship between generation, runoff, and
precipitation (shown in Section 3.1).

2.3. Climate projection methods

Three types of models were used to simulate future climate and
hydrologydGCMs, RCMs, and HMs. The role of GCMs is to project
global climate over long periods of time by simulating large-scale
mass and energy exchange mechanisms between atmosphere,
ocean, and land surface. Five runs of the Community Climate Sys-
temModel version 3 (CCSM3 [7]) simulations were selected for this
studydincluding the 1960e1999 baseline and 2000e2039 future
periods under the IPCC (Intergovernmental Panel on Climate
Change) SRES A1B moderate CO2 emissions scenario.

An RCM is structurally similar to a GCM but focuses on specific
regions. By tuning RCM parameters to reach a good agreement
between GCM and RCM output on the spatial boundaries, an RCM
can be used to dynamically downscale GCM variables into a finer
on (mm) for each of the PMA regions. The correlation coefficient between annual
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spatial resolution. In this study, the coarser-resolution CCSM3
projections (~200 km grid spacing) were downscaled by the In-
ternational Centre for Theoretical Physics Regional Climate Model
version 3 (RegCM3 [31]) to 25 km grid resolution [11,12], and then
bias-corrected to 12 km grid resolution through a quantile-based
technique [2] using 1960e1999 PRISM observations. Bias correc-
tion preserves the projected trends of climate change and can
improve the performance of the subsequent hydrologic simulation
[2,37].

The HM applied in this study is the widely-used Variability
Infiltration Capacity model (VIC [25]) at 1/8� (~12 km) spatial res-
olution. VIC calculates the water budget of daily evaporation, snow
pack, moisture storage, faster-response surface runoff, and slower-
response baseflow at each grid cell based on inputs of daily pre-
cipitation, maximum/minimum temperature, and wind speed.
Other components of the surface energy and moisture budgets,
including short-wave and long-wave radiation, relative humidity,
and vapor pressure, are estimated within VIC using parameteriza-
tions of maximum/minimum temperature. The water and energy
balance are solved for multiple elevation bands and vegetation
types, enabling themodel to capture the subgrid-scale variability of
these land surface features. The total runoff of VIC (surface runoff
plus baseflow) has been found to be the corresponding variable of
the WaterWatch runoff [30]. For each PMA study area, precipita-
tion, temperature, and total runoff were computed for each of five
climate change scenarios. Since this study focuses on runoff instead
of streamflow, the additional river routing model was not required
in this study. All other modeling details regarding these five
CCSM3-RegCM3-VIC-A1B simulations (for short, we will use
RegCM3-A1B hereafter) can be found in Ashfaq et al. (2013) [3].

To quickly visualize the projected change in the five RegCM3-
A1B regional climate simulations, Fig. 3 illustrates the change of
temperature (�C) and precipitation (%) from 1960e1999 to
2000e2039 in the entire United States. The 112 statistically
downscaled, BCSD (bias-corrected, and spatially downscaled)
monthly climate projections [32] are also plotted for comparison,
with dashed lines indicating the median of the BCSD simulations.
Since BCSD contains various models and three IPCC emission sce-
narios (B1, A1B and A2), a considerable spread was expected. The
five RegCM3-A1B simulations are positioned around the center of
the BCSD, with a maximum/minimum range across both sides of
the BCSD medians. Therefore, the main range of mean variability
should be consistent with the BCSD. Nevertheless, note that Fig. 3
Fig. 3. The projected change of 1960e1999 to 2000e2039 average temperature (�C)
and precipitation (%) across the entire United States. The stars represent the five
RegCM-A1B simulations used in this study, compared with the 108 BCSD ensemble
members used by Ref. [32].
serves only as a simplified comparison with the long-term na-
tional mean and has no implications for local trends and extreme
events. Different patterns are expected for smaller local regions.
Although dynamical downscaling can directly produce daily tem-
perature and precipitation values that are necessary for VIC hy-
drologic simulation (i.e., BCSD will need extra steps to synthesize
daily time series from monthly projections), each century-scale
RCM realization is computationally expensive, so the number of
simulations cannot easily be increased. Indeed, the climate model
experiment used in this study remains one of the few transient,
century-scale, multi-member high-resolution regional climate
model experiments in the literature (e.g., another major dynamical
downscaling effort was conducted by the North American Regional
Climate Change Assessment Program [26]).

3. Results

3.1. Hydrologic sensitivity of hydropower generation

Motivated by the high correlation between WaterWatch runoff
and hydropower generation (Fig. 2), we conducted a series of
regression analyses based on the 1989e2008 annual time series of
temperature (T), precipitation (P), runoff (Q), and hydropower
generation (G) for each of the 18 study areas. Taking BPA-1 as an
example, the linear regression results are shown in Fig. 4, including
the best-fitted lines, 95% confidence intervals, and coefficients of
determination R2 between TeG, PeQ, and QeG. As expected, tem-
perature (Fig. 4a) itself cannot explain the variability of annual
generation (R2 ¼ 0), since annual hydropower generation is mainly
controlled by water availability rather than the total energy de-
mand (the latter of which is more directly linked to temperature).
Precipitation can only explain slightly more than over half of the
variability of annual generation (Fig. 4b) in BPA-1. Surprisingly,
even when using such a simplified linear model, a very strong
relationship can be observed between runoff (Q) and generation (G)
(Fig. 4c, R2 ¼ 0.87).

Recall that WaterWatch uses a comprehensive set of gauge
stations to derive local runoff at each HUC8 unit, so the aggregated
runoff time series may represent the total runoff generated from
the entire study area for further surface water usage (e.g., hydro-
power generation). The strong linear relationship suggests that (1)
the local runoff estimated byWaterWatch is somewhat reasonable,
since it may explain most of the independent annual hydropower
variability; and (2) the WaterWatch runoff can be a useful tool for
regional hydropower evaluation. Since these patterns can also be
observed in all other study areas, the WaterWatch runoff Q was
selected as the main variable in the following analysis.

Although annual runoff is highly correlated with annual gen-
eration overall, further modification is required for those locations
with large reservoir storage. InWAPA-4, for example (Fig. 5), where
multiple years of storage are located behind Hoover Dam in Lake
Mead, the regression between annual runoff and annual generation
is very low (R2 ¼ 0.01, Fig. 5a). When the annual runoff was
replaced with 2- to 6-year running averages of runoff (Fig. 5bef), R2

was found to be maximized at 0.66 at the 5-year scale. Although
this linear relationship is not as strong as in some other areas, such
as BPA-1 (Fig. 4), considering the complexity of the entire Colorado
River System, such a positive and simple relationship worked sur-
prisingly well for the purposes of annual hydropower evaluation.
The same approach was applied in other WAPA assessment areas,
and it was found that both WAPA-1 and WAPA-2 are more accu-
rately modeled by 2-year average runoff, and WAPA-3 is better
modeled using 3-year runoff.

The final regression models are reported in Table 1 and illus-
trated in Fig. 6. To generalize the linear statistical model between



Fig. 4. Linear regression between (a) annual average temperature and generation, (b) annual total precipitation and generation, and (c) annual runoff and generation of the
BPA-1 study area. The dashed lines represent the 95% confidence intervals of the regression, and R2 values are the coefficients of determination.

Fig. 5. Linear regression between multi-year running average runoff (from 1-year in panel a to 6-year in panel f) and annual generation of the WAPA-4 study area. The dashed lines
represent the 95% confidence intervals of the regression, and R2 values are the coefficients of determination.
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regional runoff and generation, the following dimensionless for-
mula is used in Table 1.

(G/G0) ¼ a (Q/Q0) þ b (1)
Table 1
Summary of regression analysis between annual generation and runoff for each of
the PMA study areas.

PMA study
area

Q0

(mm/year)
G0

(TWh/year)
Years of
average Q

Slope (a) Intercept (b) R2

BPA-1 458 24.373 1 0.772 0.228 0.87
BPA-2 201 11.735 1 0.708 0.292 0.94
BPA-3 305 39.235 1 0.528 0.472 0.77
BPA-4 1146 1.761 1 0.536 0.464 0.73
WAPA-1 52 9.108 2 1.024 �0.0151 0.79
WAPA-2 88 1.380 2 0.522 0.4817 0.78
WAPA-3 67 5.558 3 0.855 0.1508 0.80
WAPA-4 53 5.972 5 0.594 0.3980 0.66
WAPA-5 16 0.179 1 0.991 0.009 0.18
WAPA-6 287 4.598 1 0.551 0.449 0.71
SWPA-1 320 2.191 1 0.851 0.149 0.86
SWPA-2 91 2.710 1 0.542 0.458 0.72
SWPA-3 53 0.794 1 0.764 0.236 0.87
SWPA-4 293 0.167 1 0.653 0.347 0.76
SEPA-1 342 0.467 1 1.062 �0.062 0.98
SEPA-2 562 3.189 1 0.742 0.258 0.83
SEPA-3 489 3.634 1 0.631 0.369 0.82
SEPA-4 424 0.199 1 0.319 0.681 0.28
In Eq. (1), G0 is the average 1989e2008 annual generation
(TWh), Q0 is the average 1989e2008 annual runoff (mm), G is the
variable of annual generation (TWh), Q is the variable of annual
runoff (mm) (in some areas this is derived using a multi-year
running average), and a and b are the dimensionless regression
coefficients. With the exceptions of WAPA-5 (Rio Grande) and
SEPA-4 (lower Apalachicola), annual G is highly correlated to
observed Q. In 16 of the 18 study areas, runoff explains from 66 to
98% of the variation in annual generation. In four of the areas in the
WAPA region, generation is more closely related to multi-year
average runoff than single-year runoff; this relationship is due to
the presence of very large surface water storage reservoirs that
carry over water from one year to another.

These empirical relationships between generation and runoff
are key tools because they enable projected changes in future
runoff to be translated into projected changes in annual generation.
This generalized approach works for US federal hydropower plants
because their total installed power capacity has not changed
significantly during the past 20 years. This linear relationship, while
working properly between annual runoff and generation, cannot be
extended to seasonal or monthly scales. To model the subannual
generation in each area, the monthly reservoir storage and release
should also be considered, but such storage effects may not be
generalizable in a simplified equation for regional hydropower
generation (i.e., a reservoir- and plant-based analysis should still be
required to study the subannual generation). Although it is possible



Fig. 6. Linear regression between runoff and annual generation of each PMA study area (panels a through r). Annual runoff is used in the regression, expect for 2-year runoff in
WAPA-1 and WAPA-2, 3-year runoff in WAPA-3, and 5-year runoff in WAPA-4. The dashed lines represent the 95% confidence intervals of the regression, and R2 values are the
coefficients of determination.
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to improve the statistical models by usingmultivariate or nonlinear
regression methods, we opted to keep them in the simplest form.
The combined climate and hydrologic modeling system was very
complicated, so it would be useful if a simplified (yet justifiable)
method could be used to increase the overall clarity. Through the
proposed linear regression models, it may clearly be seen how the
projected changes in runoff may affect regional annual hydropower
generation.

3.2. Projected change of runoff

Based on a series of simulations introduced in Section 2.3, the
temperature, precipitation, and runoff were projected out to 2039.
Although many climate change assessments have focused on pro-
jections after 2040 or near the end of the 21st century, near-future
projection is more useful for PMA operation. For instance, to help
inform long-term power contracting activities (usually for a 10- to
15-year time frame), the potential climate change and variability
for the following 30 years aremore informative for decisionmaking
than longer-term climate projections. Therefore, we only consider
near future projections (2010e2039) in this study and it is further
separated into near-term (2010e2024) andmid-term (2025e2039)
periods for discussion. For near future climate, the internal climate
system variability has stronger influence than the long-term
climate signal [10,20], so having five realizations from a single
GCM would actually help better capture the influence of internal
variability.

Taking 1960e1999 as the baseline period, the projected changes
in annual and seasonal runoff in each PMA study area are shown in
Fig. 7 (the seasons considered are spring: March/April/May; sum-
mer: June/July/August; fall: September/October/November; and
winter: December/January/February). Based on the five RegCM3-
A1B simulations, the circles represent the median across the five
projections, while the range plotted around each circle extends
from the highest to the lowest projections. The two-sample t-test
(under a 5% significance level) is used to examine if the projected
future mean runoff is statistically different than the baseline values,
marked by thick lines. In addition, the spatial patterns of the pro-
jected runoff changes are shown in Fig. 8. For each grid point, the
maximum change among five simulations is shown in Fig. 8a and d,
the median change in Fig. 8 b and e, and the minimum in Fig. 8c
and f.

Referring to the median change among the five simulations, the
annual runoff values for all BPA areas are projected to decrease by
8e10% in the near-term period but then decrease by a smaller
amount in the mid-term period. The statistically significant
changes of annual runoff are projected in BPA-1 in the near-term
and in BPA-4 in the mid-term. More important for BPA, the



Fig. 7. Projected change of annual and seasonal runoff (panels a to e, top to bottom) of each of the 18 PMA study areas (horizontal axis). The change of runoff from baseline
(1960e1999) to near-term (2010e2024) and mid-term (2025e2039) future periods is computed based on the five RegCM3-A1B simulations. Triangles and circles are the medians of
the five projections in two future periods, and the range plotted around each circle extends from the highest to the lowest projections. The seasons considered are spring: March/
April/May (MAM); summer: June/July/August (JJA); fall: September/October/November (SON); and winter: December/January/February (DJF). The thick lines mark the cases where
the projected future mean change is statistically different than baseline under a 5% significance level.
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greatest and statistically significant decrease in runoff is projected
to occur in the summer season, when median changes could be as
high as �40 to �50%. Such decreases in summer runoff are ex-
pected to result from earlier snowmelt triggered by increasing
temperatures [3]. Although those changes are for median condi-
tions over the 15-year time period, both high- and low-runoff years
are projected to occur. In high-runoff years, the range of simula-
tions indicates that annual runoff may be 10e20% higher than in
the baseline period [34].

The greatest and statistically significant increase in runoff is
projected in the Missouri River basin (WAPA-1 and, to a lesser
extent, WAPA-2). In WAPA-1, the median projected change in
annual runoff is þ18% in the near-term (2010e2024) and þ21% in
the mid-term (2025e2039). Runoff is projected to consistently in-
crease across all seasons with the largest increase in spring. The
remaining WAPA areas, except for WAPA-3 in near-term and
WAPA-5 in mid-term, are not projected to experience much change
in annual runoff, but do show general decreases in summer runoff,
especially during the mid-term period. (However, WAPA-6 shows
decreasing summer runoff for both periods.) The spring runoff is
projected to increase significantly in both near-term and mid-term
for WAPA-1, WAPA-2, and WAPA-3, where spring runoff is
dominated by snowmelt. A very large spread among the ensembles
is projected inWAPA-6 during fall, but the change of overall mean is
not statistically significant.

The spread among the five climate projections is generally quite
large in SWPA areas, especially for individual seasons. Some
consistent features in Fig. 7 include negative mid-term changes in
winter and summer, and positive mid-term changes in spring. The
reduction in summer runoff in the mid-term compared with the
near-term is fairly large. For SEPA, there are no clear trends in mean
annual runoff, with the exception of SEPA-2, where there are slight
decreasing trends, and themedians are less in the mid-term than in
the near-term. The spread across the five simulations is especially
large in summer, again indicating the strong influence of climate
system variability.

3.3. Projected change of annual hydropower generation

The projected change in annual runoff can be translated into
changes in annual hydropower generation by applying the statis-
tical models reported in Table 1. To further correct some remaining
VIC model bias and improve the accuracy of simulated runoff, the
same bias correction approach [2] was performed for the simulated



Fig. 8. The projected change of runoff over the near-term (2010e2024, left panels) and mid-term (2025e2039, right panels) future periods compared with the 1960e1999 baseline
period, based on the maximum (upper panels), median (middle panels), and minimum (lower panels) of the five RegCM3-A1B simulations.
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annual runoff using the 1960e1999 WaterWatch runoff records.
The results are compared in Fig. 9 for three periods: 1989e2008
observation and 2010e2024 and 2025e2039 future projections. For
the 1989e2008 observation period, the black line indicates the 20-
year mean annual generation and the gray area defines the range
from the 20-year minimum to the 20-year maximum. For both the
2010e2024 and 2025e2039 projection periods, the black line
represents the mean annual generation across the five climate
projections. The error bars and circles for these projection periods
define the maximum, minimum, and median 15-year mean annual
generation of the five ensemble members. To make them compa-
rable to the 20-year minimum and maximum annual generation
shown in the observations, the statistically equivalent 5% and 95%
ensemble quantiles are shown in the two projection periods (75
years of simulated annual hydropowerdfive simulations multi-
plied by 15 years per period).
In the BPA study areas, mean annual generation is projected to
increase by 1.3 TWh during 2010e2024, which is 1.7% of the
1989e2008 historical generation. In 2025e2039, the mean annual
generation is projected to increase by 2.6 TWh, or 3.3% relative to
1989e2008. The range of change in annual generation among the
five ensemble members is from þ4 to �5 TWh. The variability in
annual hydropower generation experienced in the BPA region over
the past two decades is similar in magnitude to these projections of
climate-related change. However, the high seasonal variability of
runoff may result in operational challenges that could not be
revealed through a projection of total annual generation. This
should be further investigated through a reservoir-based approach
for major hydropower plants in BPA.

In the WAPA region, mean annual hydropower generation is
projected to increase in both the 2010e2024 and the 2025e2039
periods. This trend is due to projected increases in runoff, mostly in



Fig. 9. Historical (1989e2008), projected near-term (2010e2024) and projected mid-term (2025e2039) annual hydropower generation of each PMA. The black line shows the
overall mean over each period. The gray area shows the minimum to maximum annual generation in the 20-year historical period, or 5%e95% quantiles in the simulation periods.
Circles are the 15-year average across the five RegCM3-A1B simulations, and the range plotted around each circle extends from the highest to the lowest simulations, as a measure of
model uncertainty.
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WAPA-1 (upper Missouri River), a finding that is generally consis-
tent with those of other studies (e.g., Ref. [32]). However, the pro-
jected increase in generation might not be fully realized should the
amount of runoff exceed the current storage capacity of the system,
or if changes in flood control operations should reduce the volume
of multi-purpose reservoir storage capacity. Increasing challenges
associated with flood control operations are likely to be a
continuing problem in the northern WAPA areas. In other parts of
WAPA, projected total changes in generation are smaller and more
variable. Mean annual generation for the whole WAPA is projected
to increase by 6 TWh (22%) in 2010e2024 and 5.5 TWh (20%) in
2025e2039, relative to 1989e2008.

The mean projections of SWPA annual hydropower generation
indicate a 0.1 TWh (1.8%) reduction in 2010e2024 and a 0.5 TWh
(7.7%) reduction in 2025e2039 relative to the historic observation
from 1989e2008. The range of change among the five simulations
is relatively large, so there is a potential for higher year-to-year
uncertainty in hydropower operations. Over the most recent 20
years, SWPA's total annual generation has varied from a high of
9.32 TWh in 1993 to a low of 1.54 TWh in 2006, representing a
range from �75% to þ55% of the median generation during that
time period. The 1.54 TWh in 2006 is extremely low (corresponding
to a serious drought event), acting more as an outlier in the com-
parison shown in Fig. 9. If it is excluded, the remaining range of
variability will be closer to the projections.

The mean projected change in the SEPA study area is a 0.27 TWh
(3.6%) increase in 2010e2024 and essentially no change in
2025e2039 relative to the 1989e2008 period. However, as in other
regions, the range between high and low ensemble members is
relatively large, indicating the likelihood of extreme water years
and generation outputs. In the past 20 years, total annual genera-
tion from projects in this region has ranged from a maximum of
9.44 TWh in 1993 to a minimum of 4.29 TWh in 2008. Although the
projected change in generation may add to this historic variability,
and more dry water years are projected for the future, the range of
annual generation in the SEPA region is projected to be similar to
that of the recent past.

4. Discussion and conclusions

Hydropower generation at US federal facilities varies from year
to year for a number of reasons, including variations inweather and
runoff, the changing condition of hydropower equipment, non-
power water uses and environmental requirements. Hydrologic
variabilitydwhich is jointly influenced by precipitation, evapora-
tion, snowfall, soil moisture, groundwater and reservoir oper-
ationdwas found to be a significant factor in the annual
hydropower generation. However, given the large number of fed-
eral hydropower plants and the diverse hydrologic conditions,
evaluating the impacts of climate change on all federal hydropower
plants through a conventional reservoir-based approach is
currently not tractable in a single national-scale study. Therefore,
this study used the strong linear relationship between the USGS
WaterWatch runoff and annual hydropower generation to develop
an alternative runoff-based approach appropriate for projecting the
change in annual and regional hydropower generation in multiple
power marketing areas. Linear regressions between runoff and
annual generation were conducted for each study area (Table 1)
using the 1989e2008 historic observation. This approach, although
mathematically simple, can help examine the climate change ef-
fects on a large number of hydropower plants efficiently. Such
regional hydroelectric energy projections can then be used to
support energy resource planning and also to evaluate the climate-
related risk for long-term power marketing activities.

While the change of energy demand would influence market
price and further affect total power generation, it was not found to
be a major factor for US federal hydropower plants (i.e., runoff can
explain most of the annual variability). This could be attributed to
the uniqueness of PMAs, for which most of the hydroelectric gen-
eration produced from these federal projects is sold to public util-
ities at the lowest possible rates. With the relatively cheaper cost,
the hydroelectricity marketed through PMAs will continue to be
more desirable to the utilities as compared to other fuel-based
energy sources. For other non-federal hydropower plants that are
operated under peak mode, the change of demand in the future
could be another factor for consideration.

Future climate scenarios were developed using a global climate
model, a nested regional climate model, and a hydrological model.
Five realizations of the modeling system were generated, and the
model outputs were bias-corrected for consistency with observa-
tions of the recent past. Hydro-climate variables, including tem-
perature, precipitation, and runoff, were projected into near-term
(2010e2024) and mid-term (2025e2039) periods to estimate how
changes inwater availability could affect hydropower generation at
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federal projects. The patterns of the projected changes are both
spatially and temporally complex. Aggregated to a national level,
themedian change in federal hydropower is projected to decrease 1
to 2 TWh per year, with a model uncertainty range of ±9 TWh per
year. On annual basis, this largest change is projected in the upper
Missouri River Basin (WAPA-1) in the northern Great Plains, where
runoff is projected to largely increase. The western slope of the
Cascade Mountains is also projected to be wetter, especially in the
mid-term period. Runoff and generation are projected to increase
in those parts of the WAPA and BPA regions. In contrast, water
availability in the southern Great Plains, Texas, and New Mexico is
projected to substantially decrease in the future. Therefore, SWPA
and WAPA may experience less hydropower generation in those
areas, especially during the drier summer months.

The climate modeling results indicate drying trends and
decadal-scale changes that are likely to have adverse impacts on
federal hydropower in many regions. These trends are generally
consistent with those indicated by other studies (e.g., Ref. [18]).
Even against the backdrop of these projected regional drying
trends, it is important to note that both wet and dry extremes will
still occur in the future for all regions, although the relative fre-
quency of these extremes is projected to change. On a longer-term
basis (during the mid-21st century and beyond), climate change is
likely to become evenmore challenging for hydropower operations
if warming, drying, and seasonal shifts in hydrology continue on
the projected trajectories (e.g., Ref. [32]).

Nevertheless, the regional assessment approach employed in
this study cannot resolve some of the more detailed, site-specific
aspects of climate and hydropower, especially at shorter time in-
tervals (e.g., seasonal or monthly changes). For those hydropower
plants with greater importance, a conventional reservoir-based
evaluation will still be needed. The complexities of surface water
reservoir operations are another factor limiting regional assessment
capabilities. To represent monthly or shorter-term hydrology in
river basinswheremanymultiple-use reservoirs are located, such as
the case in almost all federal hydropower systems, a refined regional
water-balancemodeling approachwill eventually be needed. Future
assessments can be improved by incorporating updated climate
projections with enlarged ensemble members, by reducing bias of
hydrologic modeling, by closer examination of extreme events and
longer-term change, and by addressing the interactions among hy-
dropower and other water uses at a more project-specific level.

Although climate change would likely influence water avail-
ability and cause direct impacts on hydropower generation, the
technical assessment is challenging, especially at regional and na-
tional scale. As oppose to a reservoir-based approach, this study
took an alternative top-down approach to examine the regional
hydropower generation using a runoff-based approach. It is
showed that, the change of annual runoff will result in a propor-
tional change of regional hydropower generation, and hence con-
firms the need of more detailed studies on hydropower operation
and climate change. However, given the complexity of energy-
water facilities and limited information of existing hydropower
data, it is unlikely to address all issues across multiple power plants
and scales using a single model. Depending on the scale (e.g., na-
tional, regional, or plant-wise) and the nature of the problem (e.g.,
reservoir operation, risk assessment, or resource planning), one
would likely need to develop different kinds of models for different
challenges. This will be a continued challenge of future studies on
climate change and hydropower generation.
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