STORAGE RESERVOIR BEHAVIOR IN THE UNITED STATES
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ABSTRACT:

Numerous experiments are performed that characterize the behavior of individual storage reser-

voirs across the United States. Storage-yield curves based on annual and monthly flow records are compared to
show that the standardized net inflow and the coefficient of variation of net inflow C, completely characterize
the refill properties of storage reservoirs. For example, these experiments indicate that for any river with C, >
0.8, the design capacity of a reservoir is determined by annual fluctuations in streamflow aone, regardless of
its size. Two new indices of resilience and vulnerability are derived for reservoirs fed by correlated lognormal
inflows. Previous studies document that inflows to reservoirs in the United States may be approximated by
correlated lognormal inflows. Combining these results with a recent inventory of thousands of storage reservoirs
across the United States, along with regional climate and streamflow databases, we explore the behavior of
individual storage reservoirs. We compare the resilience, reliability, yield, and vulnerability of individual storage
reservoirs under existing scenarios and one possible future climate scenario.

INTRODUCTION

Most investigations of the behavior of water supply systems
focus on an individual system or region. Hundreds of such
studies are now available for most developed regions of the
world. Few studies have attempted to generalize our under-
standing of the behavior of individual water supply systems
by comparing their behavior. For example, Vogel et a. (1995)
compared the behavior of the water supply systems of four
cities in the northeastern United States. In the context of pre-
vious national water assessments, Select Committee (1960),
Lof and Hardison (1966), Wollman and Bonem (1971), and
Hardison (1972) examined regiona relationships among res-
ervoir storage capacity and yield. The purpose of those studies
was to compare the level of streamflow development across
the United States and to appraise the amount of water supply
that could be made available from utilization of increased lev-
els of surface water storage. Those studies resulted in rela
tionships between storage and yield for broad regions of the
United States. Such relations were useful for regional assess-
ments; however those studies did not model or compare the
behavior of individual water supply systems asis our primary
goal. Another goal of this study is to introduce a methodology
for evaluating the behavior of individua reservoir systemsthat
can be used in future regional or national assessments.

Recent developments in computer technology, database
management, geographic information systems, and our under-
standing of storage reservoir behavior enable national assess-
ments of the type performed by Lof and Hardison (1966) and
others to be performed using different methods than were used
in previous assessments. Previous assessments required aggre-
gation of information on reservoir storage and hydrology in a
region to enable simulation of the storage-yield behavior for
each region. All reservoirs in a region were added together,
along with their drainage areas, and the resulting aggregated
systems were modeled, by region. Aggregation of reservoir
systems is desirable in regional assessments that seek to esti-
mate the maximum yield that can be obtained from the inte-
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grated operation of multiple reservoirs in a region. However,
such studies cannot reflect the actual behavior of individual
reservoir systems. In reality, some reservoirs in a region are
connected and operated conjunctively, whereas others are not.
Our approach is to model each individual reservoir system
separately. The ideais to evaluate how reservoirsin the United
States would behave, if they were each operated independently
of one another. The natural extension to this research would
be to include information on the exact interconnections be-
tween the reservoirs in each region, so that the approach used
here could be extended to model those interconnections.

This study attempts to generalize our understanding of the
behavior of individua reservoir systems by exploring relation-
ships among climate, hydrology, yield, reliability, resilience,
vulnerability, and storage capacity for thousands of individual
reservoir systems across the continental United States. To en-
able such a generalization, considerable simplifications are re-
quired. A recently updated computer database known as the
National Inventory of Dams (National 1996) is used to deter-
mine actual reservoir storage volumes across the United States.
The hydrologic inflow to each reservoir is computed from re-
gional hydrologic models that relate the mean and variance of
annual streamflow to each reservoir watershed area, precipi-
tation, and temperature. Analytical relationships among reser-
voir system operational characteristics are then used to com-
pare the reslience, rdiability, vulnerability, and other
performance measures of individual water supply systems, by
region, across the continental United States.

STORAGE-RELIABILITY-YIELD RELATIONSHIPS

Vogel et a. (1995) reviewed approaches taken in the de-
velopment of regional storage-reliability-yield (SRY) relation-
ships. The approaches used by Beard (1963), L of and Hardison
(1966), and Hardison (1972) to develop SRY relations are sim-
ilar to this study because they are based on fitting a probability
distribution to annual streamflows in the region, assuming a
fixed value of C, for the region and deriving an SRY relation-
ship using probability routing methods. Their resulting SRY
relations are corrected to include seasonal storage require-
ments using a method introduced by Beard (1963) and cor-
rected for the seria correlation of annual streamflows using a
method described by Hardison (1972).

More recently, analytic SRY relations have been introduced
as an aternative to the graphical methods used by Beard
(1963), Lof and Hardison (1966), and Hardison (1972).
Klemes (1987), Vogel and Stedinger (1987), Buchberger and
Maidment (1989), Phien (1993), Vogel and Bolognese (1995),
and others reviewed the development of analytic SRY rela-
tionships. Simple analytic SRY relationships are not intended
to replace more detailed simulation studies; rather, they are

JOURNAL OF WATER RESOURCES PLANNING AND MANAGEMENT / SEPTEMBER/OCTOBER 1999 / 245



intended to improve our understanding of the behavior of wa-
ter supply systems, to allow for comparisons among systems,
and for performing regional assessments of water supply.
Vogel and Bolognese (1995, Appendix Il), Phien (1993), and
Vogel and Stedinger (1987) summarized relations among res-
ervoir system storage capacity S, mean annual inflow ., stan-
dard deviation of inflows o, lag-one seria correlation of the
inflows p, reservoir yield Y, planning horizon N, and N-year
no-failure reliability Ry, in the form

So =f(w p, Y, N, Ry) €y

for systems fed by AR(1) normal, AR(1) gamma, and AR(1)
lognormal inflows, respectively. These SRY relationships were
developed from Monte Carlo experiments that routed synthetic
streamflows through a reservoir using the sequent peak algo-
rithm. Because those relations are complex and reported else-
where, they are not reproduced here. Pegram (1980), Buch-
berger and Maidment (1989), and others reported similar
relations that are exact results based on the theory of storage.

It is documented in Vogel and Wilson (1996) that annual
streamflows in the United States are well approximated by
both the lognormal and gamma distributions; therefore either
SRY relations developed by Vogel and Stedinger (1987) or
Phien (1993) could be applied in the United States. We use
the SRY relations for AR(1) lognormal inflows developed by
Vogel and Stedinger (1987) because detailed comparisons of
the performance of these relations by Vogel and Bolognese
(1995) reveal that it compares favorably with exact theoretical
results derived by Pegram (1980) and others.

The SRY relationships described above are based on the
methodology known as Rippl’s mass curve (or its automated
equivalent sequent peak algorithm), which assumes that the
yield is delivered, without failure, over its planning horizon.
A model is aso needed that represents the behavior of reser-
voir systems, once they fail. Vogel and Bolognese (1995) ver-
ified that a two-state Markov model is useful and accurate for
describing relationships among reservoir system reliability and
resilience.

INDICES OF RESERVOIR SYSTEM PERFORMANCE

Water supply system performance measures are receiving
considerably increased attention recently as evidenced from a
recent nationwide survey on the reliability of existing systems
(Harberg 1997). The performance measures of reliability, re-
silience, and vulnerability have been defined and introduced
by a number of previous investigators (Hashimoto et al. 1982).
Reliability measures the frequency of failures. Resilience mea-
sures the ability of a system to recover from a failure, and
vulnerability provides a measure of the magnitude of potential
failures. A failure is defined as the inability of areservoir sys-
tem to deliver a prespecified yield. In the following sections

we outline a conceptual theoretical framework for quantifying
these and other performance measures.

Within-Year versus Over-Year Behavior

Actual systems are subject to both within-year and over-
year variations in storage; hence, there is no unique division
between these two classes of behavior. Within-year systems
generaly refill each year, whereas over-year systems contain
long multiyear drawdown periods and are seldom full. A useful
index for classifying the behavior of water supply systemsis
the index m introduced by Hazen (1914) defined as

meG-—p (-0 _p-Y
o C, o

)

where Y = average annual yield; o« = annual yield as afraction
of the mean annual inflow to the reservoir (o« = Y/p); w and
o = mean and standard deviation of the annual inflows, re-
spectively; and C, = coefficient of variation of the annual in-
flows (C, = o/p). Vogel and Bolognese (1995) provided a
history of the use of the index min water supply applications.
In this study, we term m the standardized net inflow to the
reservoir system. Greater values of m correspond to systems
that tend to accumulate water in storage over time more than
for systems with lower values of m. In this section we docu-
ment how useful mis, in addition to C,, for providing a mea-
sure of the degree to which the design capacity of a reservoir
system depends on within-year (seasonal) versus over-year
(carryover) storage requirements.

Storage-yield curves are computed using historic annual and
monthly streamflow traces for the 10 streamflow gauges sum-
marized in Table 1. These sites were selected to reflect the
range of interannual variability of streamflow across the entire
United States with values of C, that range from 0.23 to 0.85.
Table 1 summarizes the name, location, record length, drain-
age area, lag-one serial correlation of the annual flows p,, an-
nual average rainfall, runoff ratio, and C, of the annual stream-
flows for these 10 sites. Fig. 1 compares the storage-yield
curves for the 10 watersheds based on monthly and annual
streamflow series. Storage-yield curves were computed using
the sequent peak algorithm that is equivalent to the use of a
storage-mass curve. This algorithm estimates the minimum
reservoir capacity required to deliver the specified yield, with-
out failure, over the historic period. On the abscissain Fig. 1,
we plot both the level of development o (o = Y/p) and the
standardized net inflow m, defined in (2). Both m and o are
surrogates for system yield, because as yield Y increases, «
increases and m decreases, however, because both indices are
standardized, they can be generalized across systems. Fig. 1
reflects storage-yield curves that correspond to nearly al pos-
sible reservoir systems at each of the 10 sites. Along the or-
dinate of Fig. 1, we plot the storage ratio S .

TABLE 1. Hydrologic Information for 10 Streamflow Gauges Used to Construct Storage Yield Curves in Fig. 1

USGS Length of Drainage | Annual Runoff

gauge record area rainfall Rainfall

number Site name State (water years) P1 (km?) (cm) (cm/cm) C,

(1) (2 (3) 4) (5) (6) ) (8) (9)

01144000 White River at West Hartford Vermont 60 0.26 1,787 105 0.55 0.23
12027500 Chehalis River near Grand Mound Washington 59 0.03 2,318 160 0.67 0.25
09239500 Yampa River at Steamboat Springs Colorado 77 0.15 1,564 64 0.42 0.28
07375500 Tangipoha River at Robert Louisiana 50 0.21 1,673 152 0.40 0.34
07072000 Elevenpoint River near Ravenden Springs Arkansas 53 0.30 2,937 109 0.31 0.41
06933500 Gasconade River at Gerome Missouri 65 0.33 7,356 107 0.29 0.48
06810000 Nishnabotna River above Hamburg lowa 60 0.32 7,268 76 0.18 0.65
10322500 Humboldt River at Palisade Nevada 75 0.34 12,976 23 0.12 0.75
11152000 Arroyo Seco River near Soledad Cdlifornia 87 0.03 632 86 0.28 0.81
08146000 San Saba River at San Saba Texas 73 0.10 7,889 66 0.04 0.85
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The storage-yield curves based on monthly flows are dways
above the storage-yield curves based on annual flows because
monthly curves include seasona and carryover storage re-
quirements. For sites with high streamflow variability (C, >
0.3), storage-yield curves based on annua flows provide a
good approximation to storage-yield curves based on monthly
flows, and that approximation improves as C, increases. We
found that for m < 1, the percentage difference between stor-

age ratios based on monthly and annual flow seriesis usually
less than about 30% with the difference dropping to zero for
for further details.] Previous
investigators have hypothesized that m = 1 can be considered
as a demarcation between over-year and within-year systems
because carryover storage requirements increase significantly
as m decreases below unity. Fig.
of both C, and m is required to understand the relationship

C, > 0.8. [See Ravindiran (1997)
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FIG. 1. Storage-Yield Curves Based on Monthly and Annual Flow Records
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between seasonal and carryover storage requirements. The use
of an annual time step provides a reasonable approximation
(to within 30%) to monthly storage-yield curves as long as the
standardized net inflow mis less than unity and C, > 0.3, with
that approximation improving as C, increases. This result sup-
ports the recommendations of previous studies (Vogel and Ste-
dinger 1987; Vogel and Bolognese 1995) but to our knowledge
is the first time this hypothesis has been verified using actual
streamflow data.

Carryover storage results from either alarge C, or high yield
Y (hence high o), or both. Interestingly, Fig. 1 documents that
the necessary reservoir capacity in a region with C, greater
than about 0.8 will be determined by carryover storage re-
quirements, regardless of the yield of the system! Similarly,
the necessary reservoir capacity of systems with m> 1 and/or
C, < 0.3 will be determined by seasonal storage requirements.

Factors other than m and C, could influence the degree to
which carryover storage dominates system behavior. For ex-
ample, if one were to modify system operations to allow for
lower reliability than the sequent peak algorithm allows, ad-
ditional failures would be possible making within-year oper-
ations more important. Therefore, reliability can also influence
the degree to which a system exhibits carryover storage re-
quirements.

Reservoir System Resilience

Hashimoto et al. (1982) defined resilience as the probability
of recovery from a failure once a failure has occurred. That
definition is used here, with failure defined as the inability of
the reservoir system to provide its target yield Y in a given
year. Vogel and Bolognese (1995) used a two-state Markov
model of reservoir system states to show that resilience r may
be estimated using

r=d | —— [m-— P ©)

1ot ®(—m)-exp (j)\/ﬂ

for a reservoir fed by AR(1) norma inflows, where ®(arg)
denotes the cumulative normal density function applied at arg;
m s given in (2); and p is equa to the lag-one correlation of
the inflows. The index r is the probability that the reservoir
system will provide the stated yield Y, in a year following a
failure. The resilience depends upon the statistics of the inflow
and yield, rather than on the size of the reservoir system. Using
(13) in Vogel and Bolognese (1995) and a derivation analo-
gous to that which led to (3), we derive here the resilience of
a reservoir system fed by AR(1) lognormal inflows result-
ing in

r=® _t -B — Py
B
fIJ(B)-exp(

T 2 @
b ) Ve

where B = [In(ap) — wplloy; py = IN[W/V1+ C7; ol =
In[1 + CZ; and p, = In[1 + p(exp(c?) — 1)]/o2. Here w, o,
and p are the mean, standard deviation, and lag-one correlation
of the inflows, respectively; and w,, oy, and p, are the mean,
standard deviation, and lag-one correlation of the natural log-
arithms of the inflows, respectively. The resilience of a res-
ervoir system tends to increase as m increases or as p de-
creases, or both.

Reservoir System Reliability

Stedinger et al. (1983, Appendix) and Vogel and Bolognese
(1995, equation 17) used a two-state Markov model to relate

Resilience, r

0.6 0.7 0.8 0.9 1
Annual Reliability, R,

FIG. 2. Relationship between Resilience r and Annual Relia-
bility R, Corresponding to N-Year Failure Free Reliability Ry =
0.5

the N-year no-failure reliability Ry to the steady-state annual
reliability R,. Their relation can be rearranged to yield

1/(N—1)
1— <l>

r=R. 1-R ©)
where r = resilience defined in (3) and (4) for systems fed by
AR(1) normal and lognormal inflows, respectively; and N =
length of the planning period. No-failure reliability Ry is the
probability that a reservoir will provide a constant yield Y,
without failure, over an N-year period. Annual reliability R, is
the steady-state probability, in a given year, that the reservoir
system will deliver the stated yield. Therefore, the reservoir
system fails to deliver itsyield (1 — R,)% of the time. Fig. 2
illustrates the relationship between resilience r and annual re-
liability R, for an N-year failure free reliability of Ry = 0.5
and planning periods of N = 25, 50 and 100 years. Note that,
in general, systems with high annual reliability also exhibit
high resilience.

Reservoir System Vulnerability

Reservoir system vulnerability provides a measure of the
magnitude of a failure, should it occur. Although most water
supply systems are designed with a very small probability of
failure, attention should be paid to the nature of such failures,
particularly when the cause of such failures is itself subject to
tremendous uncertainty (i.e., climate change). Hashimoto et al.
(1982) suggested one metric of system vulnerability as the
expected maximum severity of a failure. Beard (1963) intro-
duced a shortage index that he defined as the sum of squares
of the annual shortages. We employ the definition introduced
by the ASCE Task Committee on Sustainability Criteria
(ASCE 1998) who defined vulnerability as the conditional ex-
pected volume of a failure. We compute it as the conditional
mean deficit using a long simulation experiment. The condi-
tional mean deficit is computed using only the years in which
failures occur.

Reliability provides a measure of how often a system fails.
Resilience provides a measure of how long failures will last,
and vulnerability provides a measure of how severe failures
may become. What is needed is a simple vulnerability index,
analogous to the resilience index r, the reliability index R,,
and the standardized net inflow index m (described above).
Because no such indices are currently available, Monte Carlo
experiments are performed to develop and test some simple
vulnerability indices.

Vulnerability Experiments

In this section, failures are simulated for a wide class of
reservoir systems to evaluate various vulnerability indices. As-
sume a reservoir of capacity Sis designed to deliver a yield
Y, without failure, over an N = 50 year planning period. This
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is equivalent to the approach used in the design of most water
supply reservoirs in current use in the United States. They
were designed by applying the sequent peak agorithm (or
equivalent mass curve) over the available period of streamflow
record. Over many such (independent) designs, one expects
the N-year no-falure reliability to be Ry = 0.5. That is, there
is a 50% chance that future N-year periods will be either wetter
or drier than the historical one. This assumption is reasonable
if all reservoirs in a region are assumed to act independently
of each other. Unfortunately, this is not the case for many
reservoirs but is assumed here due to the lack of better infor-
mation. Each reservoir is assumed to be fed by a watershed
with mean annua inflow w, standard deviation of annual in-
flows o, and lag-one correlation p, with annual streamflows
following an AR(1) lognormal model. Each combination of .,
o, and level of development o = Y/ leads to a value of m.
The required reservoir design capacity S corresponding to the
specified values of m, p, N = 50, and Ry = 0.5 is obtained for
AR(2) lognormal inflows from analytic expressions given by
Vogel and Stedinger (1987).

Assuming the reservoir starts full, the reservoir contents are
simulated over a 50,000 year period. Whenever the reservoir
contents plus inflow are insufficient to satisfy the yield Y, a
failure is noted. The average value of al such failures, as a
fraction of the required yield Y, is termed the average deficit
as a fraction of yield and is denoted D. Our goa was to find
a simple index or combination of system parameters p, o, p,
a, Y, S and mthat is always related to D in the same fashion,
regardless of the size of the reservoir, yield, or the hydrologic
conditions on that system. After many trials, we found that
storage capacity S was consistently correlated with the mag-
nitude of the average deficit. The storage yield ratio §Y was
also correlated with the magnitude of the average deficit de-
noted as a fraction of system yield D as is illustrated in Fig.
3. The relationship illustrated in Fig. 3 is similar if one plots
S versus the product DY, instead of SY versus D; hence spu-
rious correlation is not an issue here. Fig. 3 results from 40
Monte Carlo experiments with values of m ranging from 0.1
to 1.0, values of C, ranging from 0.3 to 0.8, and values of p
ranging from O to 0.5. The relationship between §Y and D
remains approximately the same, regardless of the hydrology,
yield, or reservoir capacity. We conclude that SY is a useful
metric for comparing the vulnerability of different reservoir
systems. One can estimate D directly from SY using the re-
gression equation

~ § 127
D = 0.452 [Y] 6

which is illustrated in Fig. 3. Eq. (6) has an adjusted R* =
0.936 (in log space), normally distributed residuals, and model
coefficients with t-ratio’s in excess of 20.

The ratio Y represents the number of consecutive years of
water supply yield in storage, when the system is full. Many
other vulnerability indices were tested, such as S, Sm, S(
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FIG. 3. Relationship between Vulnerability Index D and Stor-

agel/Yield Ratio S/Y for Wide Class of Hydrologic Inflow and
Yield Scenarios
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N

—Y), and others; however, none were invariant to hydrology,
yield, and storage capacity, as was Y.

BEHAVIOR OF STORAGE RESERVOIRS IN THE
UNITED STATES

In the following sections, experiments are performed that
explore the behavior of actual reservoirs across the continental
United States using the indices introduced above. Using a na-
tional database of reservoir information, in combination with
(1)—(6), and regiona hydrologic models of the mean . and
variance o2 of streamflow, we determine the distribution of
reservoir reliability, resilience, vulnerability, and level of de-
velopment, by water resource region. Reservoir behavior is
examined using the historical climate and a hypothetical future
climate scenario based on a general circulation model (GCM).
We begin by describing the regional hydrologic model used
as input to each reservoir system, followed by a description
of the reservoirs considered, climate input assumptions, and
finally by the results of the reservoir simulations.

Regional Hydrologic Model

A flexible hydrologic model is required to estimate the mean
and variance of annual inflows to each reservoir in the United
States under existing and future climate conditions. The model
must depend on the watershed area feeding each reservoir and
its associated climate. The regional hydroclimatologic regres-
sion equations developed by Vogel et a. (1999) for the con-
tinental United States were used. The regional equations for
the mean p. and variance o of annual streamflow are

b= aAPTY o2 = eAPIT (7a,b)

where the letters a—h are model parameters; A = drainage areg;
P = mean annual precipitation; and T = mean annual temper-
ature. Eq. (7) is used along with estimates of A, P, and T for
each of the reservoir sites to compute the mean and variance
of the annual inflows to each reservoir.

Vogel et a. (1999) developed a separate set of regional re-
gression equations [(7a) and (7b)] for each of the 18 water
resource regions depicted in Fig. 4 using historical hydrologic
characteristics . and o?, and basin characteristics A, P, and T
estimated from 1,556 basins. The resulting regional regression
equations have (log space) R? values for (7a) ranging from 80
to 99.7% with an average value of 94.6%. All regions, except
10, 12, and 15, had (log space) R* values in excess of 90%.
[See Vogdl et al. (1999) for a more detailed discussion of these
regional models.]

Reservoir Database

We employ the national inventory of 75,187 dams devel-
oped by the Federal Emergency Management Agency (Na-

FIG. 4. Location of Reservoirs Used in this Study Along with
Boundaries of 18 Water Resource Regions
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tional 1996) and the U.S. Army Corps of Engineers. This in-
ventory is a computer database created to track information on
the nation’s water control infrastructure. The information used
in this study includes drainage area A, reservoir storage vol-
ume S use and location of dam. Excluding dams outside the
continental United States leaves 74,914 dams. Excluding res-
ervoirs without information regarding their purpose leaves
55,247 dams. Because geographic information system methods
are used to estimate climate and hydrologic inputs to each
reservoir, dams without latitude and longitude information and
storage volume information were dropped. Data quality assur-
ance procedures were also used to eliminate erroneous data.
Because the database is for dams, and it is possible for asingle
reservoir to contain several dams, duplicate dams were re-
moved, leaving 51,749 dams that met all of the above criteria.
Because the purpose of this study is to investigate the be-
havior of storage reservoirs whose function is to store and
release (or regulate) water supply, only reservoirs whose pur-
pose involves flow regulation are included, leaving only
23,316 dams. Reservoirs that regulate flow for water supply
are interpreted as reservoirs whose purpose involves one or
more of the following functions: irrigation, hydroelectricity,
navigation, water supply, or fire protection. To avoid any ex-
trapolation in the use of the regression equations [(7a) and
(7b)], dams with drainage areas either larger than the maxi-
mum or smaler than the minimum drainage basin used to
estimate the regional regression equations were removed leav-
ing 5,392 dams. Fig. 4 illustrates the location of the remaining
5,392 reservoirs used in this study, along with the boundaries
of the 18 water resource regions introduced by the U.S. Water
Resources Council in 1970 for the purpose of assessing the
state of water resources across the nation (U.S. 1975). Fig. 5
compares the total reservoir capacity, by region, with the total
reservoir capacity of the smaller database of reservoirs (5,392)
used in this study. Fig. 5 documents that even though we are
modeling a small fraction of the reservoirs in the country,
those reservoirs make up a significant fraction of the entire
storage capacity in most regions of the United States.

Climatic Inputs

The current climate is assumed to equal the historical cli-
mate. The possible future climate scenario corresponds to a
doubling of greenhouse gases above current levels, based on
the GISS (Goddard Institute for Space Studies) transient at-
mosphere-ocean coupled GCM (Russell et al. 1995). The tem-
perature increases are generaly in the range of 1.7 to 2.4°C.
In this GISS GCM scenario, annual average precipitation gen-
erally increases across the continent; however, decreases occur
in portions of the southwest, upper midwest, and southeastern

125

N This Study; 5,392 reservoirs
3 Complete NID; 55,247 reservoirs

1001

~
w»
T

w
o

billion cubic meters

Reservoir Storage Capacity

25T

12345678 9101112131415161718
REGION

FIG. 5. Comparison of Storage Capacity of All 55,247 Reser-
voirs with 5,392 Reservoirs Used in this Study

regions of the United States. Precipitation estimates produced
by GCM scenarios are known to be uncertain. Consider this
particular GCM scenario as simply one possible future sce-
nario among many possible scenarios.

Hydrologic Impacts

Estimates of average annual temperature T and average an-
nual precipitation P were obtained for each reservoir depicted
in Fig. 4 using PRISM climate grids [see Vogel et a. 1999].
We assume that the climate surrounding each reservoir reflects
its watershed because it was infeasible for us to delineate the
drainage basins corresponding to the thousands of reservoirs
modeled in this study. Future values of T were obtained for
each reservoir site by adding the temperature increases pre-
dicted by the GISS GCM to the historical values of T from
the PRISM grids. Future values of P were obtained for each
reservoir site by multiplying the historical values of P by the
changes in P predicted by the GISS GCM. The vaues of P
and T corresponding to both current and future climate con-
ditions were then introduced into (7), resulting in estimates of
climate change impacts on . and o. It is documented in Lane
(1997) that the spatial variations in the values of P and T used
to fit the regional regression modelsin (7) were approximately
the same as the variations in P and T that result from this
GISS GCM scenario. In other words, little or no extrapolation
of (7) was required when modeling the hydrologic impacts of
the GISS GCM scenario. This is unique, because when phys-
ically based watershed models are used in climate change in-
vestigations, extrapolation is always required. Still, it is pos-
sible that climate change will produce changes in the structure
of the regional hydrologic relationships, so that these relation-
ships may not reflect future hydrologic conditionsin a changed
climate.

Vogel et al. (1997) compared the use of regional regression
models similar to (7), with more detailed physically based
daily streamflow models for determining the impact of climate
change on annual streamflow for four catchmentsin New York
and one in Massachusetts. It was documented in Vogel et a.
that regional regressions such as (7) can provide excellent
agreement when compared with more detailed hydrologic
models in investigations of the hydrologic impacts of climate
change. Unfortunately, the use of regiona hydrologic regres-
sion procedures in climate change investigations has only been
validated in the temperate northeast where such regression
models perform best.

Fig. 6 uses boxplots to illustrate the variation in estimates
of the mean and coefficient of variation C,, of average annual
inflows to the reservoirs by region, under the historical climate
and a future GISS climate. Fig. 6 illustrates that the mean
annual inflow will decrease in most regions of the United
States under a GISS climate, whereas the coefficient of vari-
ation will generally increase. The decrease in the mean annual
inflow results from the increases in temperature predicted by
the GISS GCM. As expected, C, is much higher in the western
regions of the United States than the eastern regions. These
results indicate generally less water availability and generaly
increased overall hydrologic variability under this particular
future GISS climate.

Storage Reservoir Simulation Results

This section applies the reservoir performance indices to
each of the 5,392 storage reservoirs illustrated in Fig. 4. Our
assumption is that each reservoir was designed using the se-
quent peak algorithm (also known as Rippl’s mass curve) with
a 50-year historical streamflow record. This implies that the
no-failure N-year reliability R, = 0.5 and 50 years, in (1), (5),
and (6). This should mimic the way most reservoirs in the
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within Each Region under Existing Climate and Future GISS Cli-
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United States were designed because the sequent peak algo-
rithm (or its automated equivalent Rippl’s mass curve) is (was)
the standard design method in the United States, and this al-
gorithm assumes no-failure operations over the N-year period
used in the simulation.

The inputs to the reservoir simulations include the mean
and variance o® of annua streamflow, planning horizon N =
50, N-year no-failure reliability Ry = 0.5, reservoir storage
capacity S, and lag-one serial correlation of the annual inflows
p. The values of . and o are obtained from the regressionsin
(7) that require the following as input: drainage area A, pre-
cipitation P, and temperature T, corresponding to each reser-
voir site. Estimates of p for each reservoir are obtained using
the unbiased regional estimators developed by Vogel et al.
(1998). These values of w, o, p, N, Ry, and S are substituted
into (1) leading to an estimate of reservoir yield Y. This in-
formation is then used to compute the following reservoir per-
formance indices.

Within-Year versus Over-Year Operations

The estimates of ., o, and Y are used in (2) to obtain the
standardized net inflow m and the level of development o =
Y/p. of each reservoir. Fig. 7 illustrates the relationship be-
tween m and C, for the reservoirs in Regions 1 and 18. Also
shown using a solid curve (hyperbold) is the relationship m =
(1 — o)/C, when a = 0. The space between the solid hyperbola
representing o = 0 and the x-axis represents the feasible space
for all reservoirs, because the x-axis represents a standardized
net inflow of m=0or « = 1. Fig. 7 shows that as C, increases
above unity, m is always less than unity, so that the capacity

of reservoir systems with C, > 1 must be determined primarily
by carryover water storage requirements. Fig. 7 also shows the
distribution of individual reservoir systems in Regions 1 and
18. Also shown on Fig. 7 is a dashed line with a slope of
unity, which we found provides a good overall demarcation
between systems dominated by within-year versus over-year
behavior.

Fig. 8 illustrates boxplots of m and « for each of the res-
ervoirs, by region, under existing and the GISS GCM scenario.
As expected, most of the reservoirs in the temperate east
(Regions 1-6) exhibit m > 1, whereas reservoirs in the semi-
arid west (Regions 13—18) exhibit m < 1. Recall that reservoir
operations are mostly within-year when C, is less than about
0.3 and m > 1, which is the case in the eastern regions. Sim-
ilarly, reservoir operations are mostly over-year when C, is
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FIG. 7. Plot of Standardized Net Inflow m versus Coefficient of
Variation of Inflows C, for Regions 1 and 18
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larger than about 0.6—0.8 and m < 1 as is the case for the
western regions. Within-year operations can result from either
low C,, low level of development o = Y/, or both. Fig. 8
shows that levels of development are nearly always greater
than about 50% of the mean annual flow in the eastern regions.
In spite of the uniformly high levels of development associated
with reservairs in the east, their reservoir capacity is still de-
termined by within-year operations. This is due to the very
low values of C, in eastern regions, reported earlier in Fig. 8.

Interestingly, the necessary capacity of nearly al reservoirs
in the country, west of the Mississippi River (Regions 8, 9,
and 11-18) are determined by over-year storage behavior,
with the exception of most reservoirs in the upper Missouri
Region 10 and a few reservoirs in Regions 11, 12, and 17. In
some instances, over-year behavior results from very high lev-
els of development and relatively low values of C, as is the
case in Regions 8 and 17. In other instances, over-year be-
havior results from relatively low levels of development but
high values of C, such as in Region 9. More often, over-year
behavior results from a combination of both high values of C,
and a asis the case in the semiarid southwestern Regions 13—
16 and 18.

Level of Development

Fig. 8 demonstrates that the impact of this particular climate
change scenario is to increase the level of development in the
west and decrease it in the east. Fig. 6 shows that mean inflows
will be lower for al regions of the United States under this
future GISS climate; hence reservoir yield will also generally
be lower for all regions, in a future GISS climate. Neverthe-
less, reservoir yields will drop less than inflows for the within-
year systems of the east, and Fig. 8 illustrates that levels of
development will actually be lower under a future climate,
than under the current climate, in eastern regions. Therefore,
systems in the east will behave more within-year, and systems
in the west will behave more over-year, under future climate
conditions than they do now. This unexpected effect was con-
firmed from an examination of individual storage-yield curves.

Sorage Ratio

Perhaps the simplest and most common overall index of
reservoir performance is the storage ratio . summarized, us-
ing boxplots in Fig. 9. Reservoirs in the more temperate east-
ern regions generally store <1 year of water, whereas it is not
uncommon for reservoirs in the west to store severa years of
water. Because the impact of climate change is to generally
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FIG. 9. Boxplots of Reservoir Storage Ratios under Existing
Climate and Future GISS Climate

decrease the mean inflows, the storage ratios generaly in-
crease under this particular GISS climate. Many of the reser-
voirs in the west have storage ratios less than unity, even
though those reservoirs are governed by over-year reservoir
behavior. A comparison of Figs. 8 and 9 reveals that if ares
ervoir has a storage ratio in excess of unity its design capacity
is determined by over-year operations; however, if the storage
ratio is less than unity, the reservoir capacity is not necessarily
determined by over-year operations. The storage ratio, a-
though commonly used to characterize overall reservoir op-
erations, is not nearly as informative as other indices intro-
duced here.

Reservoir Resilience, Reliability, and Vulnerability

Fig. 10 illustrates the distribution of resilience r, annua re-
liability R,, and vulnerability D, computed using (4), (5), and
(6), respectively. The resilience r, reflects the probability that
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the reservoir will deliver its stated yield in a year following a
failure. Reservoirs characterized by within-year operations
tend to have much higher resilience than over-year systems
because they refill quickly. Under this GISS climate scenario,
reservoirs in the east become more resilient whereas reservoirs
in the west become less resilient. This result is due to de-
creases in the level of development that result for reservoirs
in temperate climates as was illustrated in Fig. 8.

Annual reliability reflects the steady-state probability that a
reservoir will deliver its yield, without failure, in a given year.
Generally, the annual reliability of reservoirs across the United
States is nearly constant in the range of 0.97—-0.985. Regions
8 and 14, which exhibited the lowest standardized net inflows
in Fig. 8, also exhibit the lowest reliabilitiesin Fig. 10. Under
the future GISS climate, reservoir systems in the east experi-
ence slight increases in reliability, and systems in the west
experience slight decreases.

Vulnerability D reflects the average number of consecutive
years the system could potentially fail to deliver its yield. A
vulnerability of unity (D = 1) implies that on average, a res-
ervoir system failure is equivalent to 1 year of system yield.
As expected, the more resilient systems in the east will nearly
aways have failures that last <1 year. Systems in the western
regions are generally much more vulnerable with typical fail-
ures lasting many years. Naturally, systems respond to drought
with conservation and reallocations, so that real reservoir sys-
tems are not nearly as vulnerable as indicated in Fig. 10, dur-
ing drought. Nevertheless, Fig. 10 reflects the magnitude of
potential water supply failures if no conservation or realloca-
tion mechanisms were available.

CONCLUSIONS

This study has sought to document the overall behavior of
storage reservoirs in the United States under existing scenarios
and one of many possible future climate scenarios. We began
by introducing numerous indices of reservoir system perfor-
mance, including measures of system resilience, reliability, and
vulnerability. The study then applied these indices to
thousands of individual storage reservoirs across the United
States under existing scenarios and one future climate sce-
nario.

We document the conditions under which reservoirs exhibit
within-year and over-year behavior. It was shown that the co-
efficient of variation of annual inflows C, and the standardized
net inflow m, together, can be used to determine whether res-
ervoirs tend to refill at the end of each year (within-year) or
whether they are seldom full at the end of a year (over-year).
We also summarized numerous other indices of reservoir sys-
tem performance including measures of system reliability and
resilience that have been introduced previously. Monte Carlo
experiments document that reservoir system vulnerability, or
the magnitude of system failures, can be predicted using the
ratio of storage capacity to yield §Y. An equation was devel-
oped that relates reservoir system vulnerability to the ra-
tio 9.

The indices of reservoir system performance were combined
with aregional hydroclimatologic model of annual streamflow
introduced by Vogel et a. (1999) and an inventory of storage
reservoirs for the United States. The results led to the follow-
ing general conclusions regarding the behavior of individual
storage reservoirs in the United States:

1. A generd classification system was introduced in Fig. 7
for determining whether reservoir capacity is determined
by within-year or over-year behavior. The approximate
classification scheme illustrated in Fig. 7 classifies
within-year systems as systems with C, < 1 and stan-
dardized inflow in therange C, = m = (1/C,). Similarly,

over-year systems are classified as either systems with
C, > 1 or systems with C, < 1 and standardized inflow
in the range 0 = m = C,. This classification scheme is
consistent with all of the results of this study, including
those documented in Figs. 1, 7, and 8.

2. Our approach is simplistic because it treats reservoirs as
if annual variations in climate and hydrology are all that
matter. The use of an annual model of reservoir opera-
tions has enabled us to examine the general behavior of
thousands of individual reservoirs. This approach is use-
ful in regional climate change assessments, which seek
to identify regions of vulnerability and for national and
regional water assessments. Since we ignore the inter-
connections among reservoirs and their coordinated op-
erations, our results only approximate the behavior of
individual reservoirs operated independently. Previous
national storage-yield assessments by Select Committee
(1960), Lof and Hardison (1966), Wolman and Bonem
(1971), and Hardison (1972) aggregated storage over the
18 regions depicted in Fig. 4. Hence, those studies as-
sumed all storage reservoirsin aregion are operated con-
junctively, which is also not redlistic. Future research
should attempt to integrate information on the intercon-
nections among reservoir systems.

3. Generdly, the necessary capacity of reservoir systemsin
the east is determined by within-year water storage re-
quirements, and systems in the west are determined by
over-year water storage requirements. Over-year systems
tend to have much lower resilience and dightly lower
reliability than within-year systems. Over-year systems
tend to be much more vulnerable systems than within-
year systems, and this effect is particularly pronounced
under conditions of modest climate change.

4. Reservoir system reliability and resilience are positively
correlated.

5. We can generaly expect less water availability and in-
creased overal hydrologic variability under the future
GISS climate scenario used here. The impacts of these
changes in climate will differ for within-year and over-
year reservoir systems. Although overall system yields
will decline everywhere, the level of development of sys-
tems on the east coast will actually decline, whereas the
level of development of western systems increases. The
implications of this finding are that eastern systems may
become more resilient and reliable under this particular
future climate scenario, whereas western systems may
become less resilient and less reliable. This result as-
sumes no adaptation or reallocation in the behavior of
water supply systems. To determine the more redlistic
impacts of future climate change on water resource sys-
tems, additional GCM climate scenarios are required,
and a more realistic model of the reallocations and ad-
aptations that occur in rea systems is required.

6. A comparison of Figs. 8 and 9 reveals that if areservoir
has a storage ratio in excess of unity it is dominated by
over-year operations; however, if the storage ratio is less
than unity, the reservoir is not necessarily dominated by
over-year operations. The storage ratio, although com-
monly used to characterize overall reservoir operations,
is not nearly as informative as other indices introduced
here.
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