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Abstract: Reservoir expansion is commonly considered an adaptation strategy to attenuate water
shortage conditions. In many locations in the United States, there are ongoing discussions about the
effectiveness and feasibility of reservoir expansion with regard to the growing drought conditions
and a consequent significant decrease in surface water. This study investigates if the expansion of the
existing Unites States reservoirs should be still considered an effective and adequate management
solution to cope with water shortages. To this end, we have defined three reservoir expansion metrics
to assess the efficiency, feasibility, and usefulness of increasing the storage capacity of 304 reservoirs
across the conterminous United States (CONUS). The efficiency metric is defined as the ratio of
reservoir average storage to maximum active storage. The feasibility metric is defined as the ratio of
reservoir average annual inflow to maximum active storage and the usefulness metric is described
as the ratio of the reservoir average annual excess inflow (average annual inflow-maximum active
storage) to the average intensity of water shortages. The finding indicates that most reservoirs in
Colorado and Utah currently have high or very high efficiency metrics meaning that these reservoirs
are, on average, more than half full while most reservoirs in Texas have low or medium efficiency
metrics indicating that these reservoirs are, on average, less than half full. Additionally, the feasibility
metrics indicate that reservoir expansion in most western and southern states may not be fruitful
because the average annual inflow to reservoirs is less than their maximum active storage over the
historical period. Nevertheless, the usefulness metrics show that reservoir expansion can be a useful
adaptation strategy to mitigate or attenuate water shortages for some reservoirs in California and
Colorado while it cannot considerably decrease the intensity of water shortages in Texas. Findings
from this study highlight the utility of the assessment of reservoir expansion at a regional scale
considering both available freshwater as an input to reservoirs and the potential water shortage
conditions as the main trigger.
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1. Introduction

Using building reservoirs to store surface water is a traditional strategy to deliver
safe and reliable water and cope with water shortages [1-4]. The spatial and temporal
mismatch between water supply and water demand triggers the design of water storage
infrastructures such as reservoirs [1,5-8]. Most reservoirs with water supply purposes are
technically implemented to store excess water during the wet season in order to be used
during drought conditions [9,10].

Due to global concerns regarding water shortages, new water-storage projects are
being developed in the traditional form of large reservoirs, particularly in developing
countries. However, new water-storage projects in developed countries are mainly focused
on reservoir enlargement not constructing new large reservoirs, because most suitable sites
have been already developed or protected through related policies [11].

In the conterminous United States (CONUS), there are more than 52,000 reservoirs
that can store approximately 600,000 million cubic meters of water [5]. Although the era of
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large reservoir construction in the CONUS ended in the 1970s, the expansion of current
reservoir storage capacities has been proposed as an adaptation strategy to provide more
water supplies to meet increasing needs, particularly in response to climate change and
urban and agriculture growth [11-13].

Nover et al. (2019) [14] used hydro-economic optimization to determine the effects of
increasing reservoir storage in California’s water infrastructure system and reported that
additional storage capacity has a higher value in the north of the state where more water
is available compared to the southern regions. Brown et al. (2019) [12] investigated three
levels of increases in reservoir storage capacity of 10%, 25%, and 50% for all basins in the
CONUS and found that reservoir enlargement can have a moderate effect on water shortage
conditions and can decrease the average annual shortage by 8%, 12%, and 16%, respectively.
Furthermore, Heidari et al. (2021) [15] assessed the effects of changes in the water yield of
U.S. river basins in response to climate change on the intensity, duration, and frequency
of water shortage events and concluded that most river basins located in the southwest
of U.S. can be categorized into supply-based basins indicating that changes in the water
supply of these basins have more effects on water shortage intensity in comparison with
changes in water demand. Thus, these basins are potentially a suitable region to implement
supply-based adaptation strategies such as reservoir expansion because these regions are
already conservative in the way they use water, and a further demand reduction is no
longer an option for these regions.

The increasing interest in reservoir enlargement is demonstrated by recent and pro-
posed projects in the U.S. For instance, the Shasta Dam and reservoir enlargement project
was proposed to increase the height of Shasta Dam, California, in order to increase the
volume of water storage and submerging of the McCloud River upstream of the current
reservoir for irrigation purposes and provide ecological benefits for the fishery downstream
of the dam [16]. Furthermore, Perry et al. (2017) [11] selected two case studies from the
U.S. West, the Merced Irrigation District’s Lake McClure Expansion Plan in California and
the Umatilla Basin Aquifer Recharge Project in Oregon, to assess an emerging trend of
auxiliary water supply infrastructure. They stated that the aforementioned projects are
appealing to decision-makers to accommodate the demand for new strategies by working
on the limitations of past infrastructural development and related policies [11].

The aforementioned studies have investigated the feasibility of reservoir expansion
in different regions of the United States [12,17]. However, there is a lack of nationwide
studies to provide insight regarding the national scale picture of reservoir expansion
potential [18]. Reliable surface water availability is a key factor in the implementation of
reservoir expansion scenarios [19]. The increase in the frequency and severity of droughts
in recent decades has led to a considerable decrease in the availability of water to be stored
in many regions [20-26]. This situation sheds doubt on the feasibility of the reservoir
expansion strategy and its effectiveness in the attenuation of water shortage conditions [14,
271].

Previous studies often explored the relationship between reservoir storage capacity
and yield (storage-yield analysis) to assess the required reservoir storage capacity with
regard to the maximum water storage that reservoirs can supply for human consumption
under given reliability [28-30]. To this end, different approaches were applied to model the
storage-yield relationship and provide insight into various water shortage problems [31,32].
The storage-yield analysis at the regional scale can provide an estimation of hypothetical
storage capacity to meet water demand and identify the need for further infrastructure
investments such as reservoir expansion [33].

The main goal of this study is to investigate whether the expansion of CONUS reser-
voirs can still be considered a useful solution to decrease the vulnerability of water supply
systems to a shortage. To this end, three important questions need to be addressed to
provide insight into water planners and decision-makers at both national and local scales.

The first question is what proportion of the storage capacity of U.S. reservoirs has
been currently filled on average. The answer to this question helps to better understand
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the efficiency of existing reservoirs across the CONUS and their flexibility for an increase in
their storage capacity. We addressed this question by calculating the efficiency metrics as
the ratio of the average storage of each reservoir to its maximum useable (active) storage
over the historical period. The reservoir with a higher efficiency metric is potentially more
appropriate for storage expansion compared to the reservoirs with a low efficiency metric.

The second question is if the current U.S. reservoir capacities are adequate to store
available surface water. By finding the answer to this question, we can determine the
feasibility of CONUS reservoir expansion at the regional scale. We addressed this question
by calculating the feasibility metrics of reservoirs that compare the average annual inflow
to each reservoir with its maximum active storage. We assumed that reservoir expansion is
only adequate in the reservoirs in which their maximum storage is less than their average
annual inflow [34].

The third question that should be addressed is how much an increase in the maximum
storage capacity of reservoirs can be helpful to attenuate the intensity of water shortages [15].
The answer to this question is critical since the reservoir expansion can only be considered
to be useful in the regions that cannot mostly meet their current demand. To this end,
we first determine the reservoirs that are located in water shortage-prone regions. Then,
we calculated the usefulness metric that shows to what extent reservoir expansion can
decrease the intensity of current water shortage events.

This study is organized as follows. Section 2 illustrates the materials and methods
applied in this study. The results are presented and discussed in Section 3. Finally, the most
important highlights and findings that can be concluded from this study are provided in
Section 4.

2. Materials and Methods

In this section, we first describe the research area and datasets that we used. Then,
we outline the metrics that are applied to assess the efficiency, feasibility, and usefulness of
reservoir expansion.

2.1. Data and Research Area

The United States reservoir information is obtained from the ResOpsUS dataset devel-
oped by Steyaert et al. (2022) [5]. ResOpsUS is the first dataset that includes the historical
observation and operation of reservoirs across the CONUS from 1980 to 2020. Although
the ResOpsUS dataset includes most U.S. reservoirs, we only used the information of
304 reservoirs that have a complete dataset of inflows and storage over the 1980-2020
period to avoid any inconsistency in the results. Figure 1 shows the research area (CONUS)
and the location of 304 reservoirs. Additionally, Table S1 in the Supplementary Material
provides the number of reservoirs and total active storage by state.

Furthermore, the historical water shortage data in the CONUS is obtained from
Heidari et al. (2021) [15]. While they have calculated the intensity, duration, and frequency
of water shortage events at both sub-annual and annual scales, we only focused on the
intensity of water shortage events, which is in million cubic meters per year. It helps to
provide insight into what extent the reservoir expansion can decrease the current water
shortage in the CONUS at the regional scale.

Heidari et al. (2021) [15] found the relationship between the intensity and return period
of water shortage events at the 4-digit hydrologic unit code (HUC4) basin scale across the
United States over the 19862015 period by applying a mixture Gamma-Generalized Pareto
(Gamma-GPD) model. They obtained the daily precipitation and temperature from the
Daymet dataset [35] and bias-corrected the obtained data using the Parameter-elevation
Regressions on Independent Slopes Model (PRISM) climate dataset [36-39]. Then, they
used the Variable Infiltration Capacity (VIC) version 4.1.1 hydrologic model [40] to obtain
the water yield across the CONUS at the grid size of ~4 km (1/24°). The VIC model was
calibrated using the aggregated monthly runoff obtained from the USGS National Water
Information System gauge observations (WaterWatch data set) [41]. Next, they applied
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the Water Evaluation and Planning (WEAP) model [42] to calculate the water supply
allocated to each basin based on the water demand obtained from the USGS water use
circulars and for thermoelectric power water use from Diehl and Harris [12,43,44]. Finally,
they used the calculated water supply and water demand from the previous steps as
inputs to their probabilistic framework to characterize water shortage conditions. They
defined the duration, intensity, and frequency of a water shortage event as the number of
consecutive years where water demand exceeds water supply, the ratio of cumulative water
deficit to its duration, and the number of times that the given water shortage event occurs,
respectively. They reported the enhanced characterization of water shortage intensity—
duration—frequency (IDF) by applying several goodness-of-fit tests such as the chi-square
goodness-of-fit test, root-mean-square error (RMSE), and the coefficient of determination
and found that their findings are generally consistent with the results of previous similar
studies [45-48].

0 265 530 1,080 1,590 2,120
Kilometers

Figure 1. The location of 304 selected U.S. reservoirs.

Figure 2 provides the intensity of water shortage events under the current conditions
for 10-, 25-, 50-, and 100-year return periods at the 4-digit hydrologic unit code (HUC4)
basin scale that are obtained from Heidari et al. (2021) [15].
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Figure 2. The intensity of water shortage events under the current conditions and at annual scale.
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Then, we used the obtained U.S. reservoirs dataset [5] and water shortage dataset [15]
to investigate if increasing the storage capacity of existing reservoirs across the United
States can be still considered an effective, feasible, and useful solution to decrease water
shortages at the regional scale. To this end, we defined three metrics, as follows.

2.2. Reservoir Expansion Metrics

We defined and applied three different reservoir expansion metrics including reservoir
efficiency metric, reservoir expansion feasibility metric, and reservoir expansion usefulness
metric to assess the possibility of reservoir expansion in the Contiguous United States.
In this study, we defined the efficiency metric (E;) for the reservoir i as

E= 1)

 Qmax
Si

where S; and S"* are the average and maximum active storage for the reservoir i, respec-
tively. E; can be theoretically between 0 and 1 where 0 indicates the reservoir is always
empty and 1 indicates the reservoir is always full. Thus, we categorized the reservoirs
in the CONUS into 4 groups according to their reservoir efficiency metrics: 0-0.25 (low
efficiency), 0.25-0.5 (medium efficiency), 0.5-0.75 (high efficiency), and 0.75-1 (very high
efficiency). The reservoir with higher efficiency is potentially a better choice for expansion.

We assess the feasibility of reservoir expansion using the reservoir expansion feasibility
metrics. Chen et al. (2019) [34] already defined the reservoir capacity factor, KI. as the ratio
of the active reservoir capacity to the average annual reservoir net inflow and indicated that
KI~! can represent the average annual reservoir operation times. In this study, we used a
similar factor to investigate whether increasing reservoir storage is feasible in a region or
not. The reservoir expansion feasibility metric (F;) for the reservoir i is defined as:

F= L @)

— qmax
Si

where [; and S"** are the average annual inflow and maximum active storage, respectively.
If F; is greater than 1, it indicates that the reservoir expansion is likely to be feasible in the
given region because there is enough annual inflow to the reservoir on average that it is
greater than its maximum usable capacity. However, if F is less than one, it indicates that
the reservoir expansion is not likely to be feasible because there is not enough water to fill
even the existing capacity of reservoirs on an average basis.

The reservoir expansion can be assumed to be only useful in the regions that are
currently struggling with water shortage problems. Therefore, we assess the usefulness of
reservoir expansion using the reservoir expansion usefulness metric to show if increasing
the storage capacity of reservoirs can lead to decreasing the current water shortage inten-
sity or not. To this end, the reservoir expansion usefulness metric (U;) for reservoir i is
defined as:

B I — S;nax

U;
D;

®)
where I; is the average annual inflow, S{”"x is the maximum active storage, and D; is the
average intensity of water deficits. Reservoirs with U; > 0 indicate that increasing the
storage capacity of the given reservoir can be useful in the reduction of the intensity of
water shortage events.

3. Results and Discussion

The possibility of enlarging the storage capacity of 304 reservoirs across the CONUS
is investigated in this section by calculating the three metrics, including the reservoir
expansion efficiency metric, reservoir expansion feasibility metric, and reservoir expansion
usefulness metric over the 1980-2020 period.
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3.1. Reservoir Expansion Efficiency Metric

Figure 3 illustrates the average efficiency metric of 304 reservoirs across the CONUS
over the 1980-2014 period. In general, there are 46 reservoirs with low efficiency, 82
reservoirs with medium efficiency, 134 reservoirs with high efficiency, and 42 reservoirs
with very high efficiency. While these reservoirs in terms of efficiency are distributed across
the CONUS, it can be noted that most reservoirs in Colorado and Utah currently have high
or very high efficiency meaning that they are, on average, more than half full over the
1980-2020 period. However, the reservoirs in Texas have mostly low or medium efficiency
indicating that they are less than half full, on average. The reservoirs located in California
are equally distributed in terms of efficiency.
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Figure 3. The efficiency metrics of reservoir.

Thus, by focusing on only the efficiency metrics, it seems that the 42 reservoirs with
a very high efficiency metric and the 134 reservoirs with a high efficiency metric can
be suitable candidates for expansion because they were, on average, more than half full
over 1980-2020. Besides, Colorado, Utah, and California seem to be the best potential
states in this case. However, the efficiency metrics only show the ratio of filled storage
and we still need to investigate if there is enough water to be used as inflows to these
reservoirs. Note that the finding is obtained using the average data from 1980 to 2020. Thus,
the nonstationary changes in the trend of hydrological variables in response to climate
change and variability are not considered here.

3.2. Reservoir Expansion Feasibility Metric

Figure 4 illustrates the distribution of reservoir expansion feasibility metrics across
the CONUS. As is shown in Figure 4, most reservoirs located in the eastern states have an
expansion feasibility metric that indicates they can be expanded if needed. However, there
are many reservoirs located in the southern and western states that have an expansion
feasibility metric of less than one, indicating that increasing the existing reservoir capacity
storage is not likely a feasible strategy in these areas. The reservoirs located in Colorado can
be included in both categories, meaning that there are some reservoirs in which additional
capacity can be theoretically achieved.
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Figure 4. The expansion feasibility metrics of reservoir.

Although the efficiency metrics and feasibility metrics are informative regarding the
possibility of reservoir expansion, we should consider that they do not show the usefulness
of increasing storage capacity since the reservoir expansion is only useful in the regions
that are experiencing water shortage conditions. Therefore, we still need to determine if
the reservoirs with feasible and effective expansion are located in water-shortage-prone
regions and if they can be useful to attenuate or mitigate the occurrence of water shortage
events.

3.3. Reservoir Expansion Usefulness Metric

Figure 5 shows the expansion usefulness metrics of reservoirs located in water-
shortage-prone regions. Note that 102 out of 304 reservoirs are located in regions currently
experiencing water shortage conditions.
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Figure 5. The expansion usefulness metrics of reservoir.

Additionally, it should be noted that the average intensity of water shortage events
was calculated on the HUC4 basin scale. Therefore, a usefulness metric of greater than
1 indicates that expanding the storage of the given reservoir can potentially mitigate the
water shortages in the given HUC4 basin. Additionally, increasing the storage capacity of
reservoirs with usefulness metrics lower than 1 can be still considered a useful solution on
a finer scale.
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Among the 102 reservoirs located in water-shortage-prone regions, increasing the
storage capacities of 10 reservoirs can potentially mitigate the occurrence of water shortage
events with a return period of 10 years at the HUC4 level. As it is shown in Figure 5, these
10 reservoirs are mostly located in California. Adding more storage capacity to 33 reservoirs
out of the 102 reservoirs can completely mitigate the water shortage events with return
periods of 25 years at the HUC4 level. However, additional storage capacity can also help
16 more reservoirs to attenuate the intensity of water shortage events with a return period
of 25 years at a finer spatial scale.

For water shortage events with a return period of 50 years, the storage expansion
in 12 reservoirs can completely mitigate the occurrence of water shortage events at the
HUC4 level and in 21 reservoirs can help to decrease the intensity of water shortage
events at a finer spatial scale. Furthermore, for water shortage events with return periods
of 100 years, increasing the storage capacities of 9 reservoirs can completely avoid the
occurrence of water shortage events. In addition, reservoir expansion can be also used in
24 more reservoirs to attenuate the intensity of water shortage events.

In general, reservoir expansion does not seem to be a useful solution to mitigate or
attenuate the water shortage events in Texas, but it can be an effective adaptation strategy
in California and Colorado.

3.4. Discussion

While this study aimed to provide some insight to water managers, planners, and
decision-makers into the feasibility and usefulness of reservoir expansion as a solution to
attenuate or mitigate the occurrence of water scarcity events across the CONUS under the
current conditions, there are still some considerations that should be addressed.

First, although reservoirs aimed to maintain a balance between water supply and water
demand and increase the reliability of water supply systems, there is ongoing discussion
that expanding and building the reservoirs may increase long-term water use and lead
to more severe drought conditions. For instance, Baldassarre et al. (2018) [17] found that
increasing reservoir storage over the last decades has affected downstream flows and
highlighted that reservoir expansion can worsen the water shortage conditions if other
aspects are not given enough attention.

Second, the expansion of reservoirs may affect meteorological characteristics and
climates [19]. Reservoir enlargement can change the hydrological and ecological conditions
of a region and consequently alter the distribution of precipitation and streamflow in the
basin in the future.

Third, there are other aspects in operating a reservoir such as water rights, policies,
pumping and transmission capacities, required instream flow rules, etc. In general, eco-
nomic, social, and environmental factors can be the main drivers in the decision-making
procedure of adaptation and mitigation strategies. Therefore, reservoir expansion only
focusing on providing more supply and ignoring other aspects is not ideal.

Fourth, this study used the historical operation dataset from 1980 to 2020. However,
climate change can lead to a shift in surface water and can affect the finding of this
study [49]. For instance, previous studies found that the wet regions of the United States
are getting wetter, and the dry regions are getting drier [15]. This finding reveals that
the dry regions of the United States that have already been vulnerable to water shortage
conditions can experience less surface flow in the future and consequently less inflow to
their reservoirs. Therefore, while the reservoir expansion can be currently understood as an
effective solution, its usefulness may fluctuate under future climate change and increasing
hydrological uncertainty. However, note that the effect of climate change on streamflow
is uncertain [50] and might change the seasonal distribution of streamflow and even lead
to an increase in streamflow during spring seasons due to warming and glacier melt [51].
Besides, the findings of this study may be dependent on stationary assumptions that are
considered over the 1980-2020 period. Considering nonstationary trends of streamflow
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in response to climate change and variability can affect the current findings and can be
considered a prospect for further study.

Finally, there are many other water supply alternatives such as water recycling or
reclamation, groundwater recharge, and desalination. Additionally, the re-operation of
current reservoirs may be another way to improve the efficiency of existing dams instead
of their expansion. Aquifer storage and recovery (ASR) is also an example of auxiliary
infrastructure that is based on the artificial recharge of groundwater [11]. Furthermore,
the maximum storage of existing reservoirs sometime decreases as a result of increased
sediment levels within a river and aggregated sedimentation in the reservoir over time.
Therefore, the maintenance and cleaning of current reservoirs can be crucial factors to
enhance their optimal performance [52,53].

4. Summary and Conclusions

Enhancing reservoir storage capacity is known as a possible adaptation and mitigation
strategy to attenuate the adverse effects of water shortage conditions on water supply
systems. This study investigated the effectiveness, feasibility, and usefulness of increasing
storage capacities of 304 reservoirs across the CONUS over the 1980-2020 period. Overall,
the most important outcomes of this study are:

1. The possible assessment of reservoir expansion should be investigated by considering
efficiency, feasibility, and usefulness metrics together.

2. From the efficiency metrics, Colorado, Utah, and California seem to be the best
candidate states for reservoir expansion under historical conditions, while Texas’
reservoirs are mostly less than half full.

3. From the feasibility metrics, most eastern states are suitable for an increase in the
storage capacity of their reservoirs. In the western states, there are some reservoirs in
which the inflow is greater than the usable storage.

4. From the usefulness metrics, reservoir enlargement is not likely to be considered
a useful solution in Texas, while it may be an effective option in California and
Colorado.

5. The expansion of U.S. reservoir capacity should not be known as a nationwide manage-
ment strategy in planning for increasing the water supply reliability of U.S. regional
water systems.

Note that the above findings may be dependent on aforementioned assumptions of
this study. Thus, a comprehensive research study on the possibility of reservoir expansion
across the United States at different spatial and temporal scales that includes all limitations
discussed in Section 3.3 is recommended as a prospect for future study. The findings of this
study are beneficial for water managers, planners, and decision-makers across the nation
and provide an improved understanding of the possibility of reservoir expansion as an
adaptation and mitigation strategy to decrease the vulnerability of water supply systems
to water shortages. The improved understanding of the national-scale picture of reservoir
expansion can provide insight into implementing adequate preparedness plans to attenuate
the negative effects of possible water shortage conditions in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/hydrology9100175/s1, Table S1. Characteristics of studied reservoirs.
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