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Abstract: Aging water infrastructure in the United States (U.S.) is a growing concern. In the U.S,,
over 90,000 dams were registered in the 2018 National Inventory of Dams (NID) database, and their
average age was 57 years old. Here, we aim to assess spatiotemporal patterns of the growth of
artificial water storage of the existing dams and their hazard potential and potential economic benefit.
In this study, we use more than 70,000 NID-registered dams to assess the cumulative hazard potential
of dam failure in terms of the total number and the cumulative maximum storage of dams over
the 12 National Weather Service River Forecast Center (RFC) regions. In addition, we also estimate
potential economic benefits of the existing dams based on their cumulative storage capacity. Results
show that the ratios of the cumulative storage capacity to the long-term averaged precipitation range
from 8% (Mid-Atlantic) to 50% (Colorado), indicating the significant anthropogenic contribution
to the land surface water budget. We also find that the cumulative storage capacity of the dams
with high (probable loss of human life is if the dam fails) and significant (potential economic loss
and environmental damage with no probable casualty) hazard potential ranges from 50% (North
Central) to 98% (Missouri and Colorado) of the total storage capacity within the corresponding region.
Surprisingly, 43% of the dams with either high or significant potential hazards have no Emergency
Action Plan. Potential economic benefits from the existing dams range from $0.7 billion (Mid Atlantic)
to $15.4 billion (West Gulf). Spatiotemporal patterns of hazard potential and economic benefits
from the NID-registered dams indicate a need for the development of region-specific preparation,
emergency, and recovery plans for dam failure. This study provides an insight about how big data,
such as the NID database, can provide actionable information for community resilience toward a
safer and more sustainable environment.

Keywords: NID; impact assessment; anthropogenic influence; dam safety

1. Introduction

A dam creates an artificial water impoundment and alters the flow regime. The main
goal of a dam is to provide sustainable water resources throughout the year and to increase
community resilience to natural hazards such as floods and droughts [1] The artificial
water impoundment alters the surrounding flow regime, particularly downstream from the
dam, by increasing low flows and decreasing high flows [2] while the hydrologic impact of
a dam varies depending on the size and purpose [3]. Land-use and land-cover changes
such as dams and irrigation have influenced the local climate by changing the atmospheric
conditions such as humidity and surface temperature via land-atmospheric coupling [4].

The potential economic benefits of water from dams can be assessed in terms of the
marginal costs of water for different uses [5]. In the contiguous United States (CONUS),
freshwater values are diverse depending on the uses [6] and the regions [7]. In 2017, the
American Society of Civil Engineering issued the infrastructure report card at the national
and state levels. The report raises a concern about the impact of aging water infrastructure
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on public safety and resilience [8]. In the report, they estimate it will require nearly US$45
billion to repair aging, yet critical, high-hazard potential dams. Spatiotemporal patterns of
the hydrologic impact, cumulative hazard potential, and economic values of multiple dams
at large-scale basins, such as the 12 National Weather Service River Forecasting Center
(RFC) regions, have never been assessed synthetically.

To secure and maintain the economic benefits from existing dams, a comprehensive
dam safety program should consist of structural inspections and rehabilitation (proactive),
emergency action (reactive) and recovery (post-active) plans. When assessing the potential
hazard of dam failure, the economic benefits from the multiple uses of water stored in the
reservoir should be counted as economic losses in the event of dam failure. An integrative
assessment of potential hazard assessment and economic impact of dam failure can help
address a need to improve the current dam safety program at the national and regional
levels for policymakers and water resources managers. Also, the large-scale assessment
of dam-related hazard risk and economic benefits helps develop a region-specific dam
safety programs, which can account for spatial variation of the level of the preparation and
recovery programs for dam failure.

Conventionally, the risk of dam failure has been estimated based heavily on stochastic
models that are in turn based on the stationarity theory [9,10]. However, structural inspec-
tion and maintenance programs are also necessary to move toward greater resilience to
unprecedented extreme weather and climate events. Changing climate makes the stationar-
ity of our water engineered system redundant [11] and thus requires the development of
an integrated approach to dam design, operations, and water management. Dams are a
key component of the coupled human-natural systems for hydroclimatic extreme event
adaptation and mitigation [12], which can compound the climate change impacts through
the interactions of natural and human systems. In a changing climate, the hydrologic
impact of dams and related risk and benefits should be assessed since the maintenance and
upgrade of aging hydraulic missions can be influential in reducing hazard potential at not
only the national but the international level as well [13,14].

The risk, benefits, and ecological impacts of the existing dams have been studied at
the site level, in particular to better understand the impact of the construction/removal
of a new dam [15,16]. However, human alteration of rivers due to dams and reservoirs
are ubiquitous and various [17] and thus the accumulative impact assessment of multiple
dams is still challenging. For example, dams have been built across the U.S. states to
meet the water demand for various purposes and mitigate the adverse effect of extreme
hydrometeorological events. Currently, the U.S. has over 90,000 dams with an average age
of 57 years old, and has been often called a “Dam nation” [7]. A previous study [18] found
that lakes with no potential for human hydro-alteration, such as dams and land use, have
been decreased since 2007. To better understand the accumulative impact of multiple dams
at the regional scale and their spatial variation, the detailed information of these 90,000
dams in the U.S. are necessary.

In 1975, the U.S. Army Corps of Engineers (USACE) inventoried dams in the United
States under the National Dam Inspection Act (Public Law 92-367). The USACE first
published the National Inventory of Dams (NID) database in 1975 [19]. In response to the
Federal Dam Safety Act of 2006 (Public Law 109-460), the Federal Emergency Management
Agency (FEMA) requires a biennial report to Congress on the status of the existing dams and
progress achieved in dam safety during the previous two years. Using the NID database
that was limitedly assessed, the potential large-scale hydrologic and environmental effects
on the flow regime [7].

Recently, the NID has reauthorized as part of the Water Resources Reform and Devel-
opment Act of 2014 (Public Law 113-121) and the Water Resources Development Act of
2018 (Public Law 115-270). The 2018 NID database was populated using the 116th Congres-
sional District information. Two major changes of the 2018 NID database are that (1) the
2018 NID database is downloadable from the website (https:/ /nid-test.sec.usace.army.mil
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accessed on 25 August 2020) and (2) the information about the hazard potential due to the
failure or malfunction of dams is publicly available.

Understanding of spatiotemporal variations of the potential contribution of artificial
surface water storage to the regional surface water budget remains limited. Understanding
the accumulative hazard risk and potential benefits of the existing dams also remains
limited, particularly, in the multiple dam setting. In this study, we strive to evaluate the
hydrologic impact on the regional surface water budget and hazard assessment of dam
failure over time in terms of the upstream catchment area of the corresponding dam per the
number of the total dams and total storage per area, respectively. The cumulative hazard
potential and potential economic assessment of dam failure enable identification of RFC
regions that are more or less vulnerable to dam failure, by combining the risk of the hazard
potential and potential economic losses of dam failure at the regional scale. This information
can help increase the public’s perceived risk and garner support for the upgrade of the
current dam safety program by justifying the hydraulic mission [20] and reconciling the
sociopolitical conflicts of water security across the U.S. states [21]. Eventually, the findings
of this study will advance the limited understanding of “anthropocene risk” [22].

2. Data and Methods
2.1. Data: National Inventory of Dam Database

The NID database includes the existing dams in the United States that meet at least
one of the following four categories: (1) dams are classified as high hazard potential, (2)
dams are classified as significant hazard potential, (3) dams exceed 2 m (6 feet) in height
with equal or exceed 61,700 m? (50 acre-ft) of storage, and (4) dams that are equal or exceed
8 m (25 feet) in height with exceeding 18,500 m> (15 acre-ft) of storage. All dams registered
in the NID database are categorized into five types of downstream hazard potential due to
failure or malfunction of the dam or facilities: high (potential human life loss), significant
(potential economic loss and environmental damage, but not human life loss), low (low
economic and /or environmental loss limited to the owner’s property), undetermined, and
missing. This potential hazard assessment does not account for the likelihood of failure
occurrence of the corresponding dam. In other words, it only reflects the consequences of a
dam failure, but not the condition of a dam failure [23].

The 2018 NID database includes the 91,191 dams over the CONUS. We found that
15,690 NID-registered dams (17%) have no information for geographic location (latitude
and longitude), year of completion, or maximum storage capacity. In this study, we used
75,501 dams over the CONUS while a previous study [7] used 74,921 dams to study the
artificial water storage growth due to dam constructions. In this study, the hazard potential
assessment contains the error range of 3.5% of the total maximum storage of the total 75,501
dams because 7763 (5778) dams have no information for hazard potential over the CONUS
(the West Gulf RFC region), which was not reported previously [7]. Despite the relatively
small contribution, there are likely numerous dams in the United States that are smaller
than the categories used in the NID database (height and storage capacity), indicating that
this report represents the conservative assessment for hazard potential due to dam failure
or malfunction.

2.2. Evaluations of Potential Hydrologic Impact

To evaluate the potential hydrologic impact of the NID-registered dams on the land
surface water budget, the cumulative maximum reservoir storage created by the dams
within each RFC area was calculated (Table 1). Over the long-term average (at least 10
years), the terrestrial storage tendency is often negligible so the long-term average land
surface water balance is supposed to be closed. The cumulative maximum storage capacity
of dams and reservoirs can significantly increase the terrestrial water storage tendency

term in the water balance equation (%f in Equation (1)), which requires some modification
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of other components such as precipitation (P), evaporation (E), and runoff (Q) for the water
surface storage closure.
AS

~ =P—E-Q M)

Table 1. Summary for the National Inventory of Dams (NID)-registered dams across the 12 River Forecasting Center regions.

REC Resi Area Cumulative Storage (a) Annual Precipitation (b)

b egton Number of Dams [10° acres] [10° km?] [10® acres-ft] [km3] [10° acres-ft] [km?3] @)/(b)
1 Northeast 4647 67 27135 46.8 57.73 2763 34082 017
2 Mid-Atlantic 2735 53 214.65 15.7 19.37 2077 25620  0.08
3 Southeast 10,565 159 643.95 232.6 286.91 683.1 842.60  0.34
4 Ohio 4066 112 453.6 46.7 57.60 4417 544.84 0.1
5 North Central 7796 217 878.85 338.4 417.42 6293 77624 0.54
6  Lower Mississippi 5124 131 530.55 95.4 117.68 586 72283  0.16
7 Missouri 20,345 333 1348.65 207.6 256.07 634.6 78278  0.33
8 Arkansas 8214 135 546.75 905 114.10 3432 42334 027
9 West Gulf 6198 257 1040.85 66.8 82.40 626.4 772.66  0.11
10 Northwest 2139 201 814.05 84 103.61 549 67719 0.5
11 Colorado 1972 196 793.8 103.4 127.54 208.8 25755  0.50
12 California 1700 160 648 432 53.29 279.4 34464 015

Total (Contiguous United 75,501 2021 8185.05 1373.1 1693.71885  5465.5 674169 025

States)

The ratio of the cumulative maximum storage capacity of dams and reservoirs to the
long-term annual precipitation is a good indicator to measure the potential hydrologic
impact of the dams on the regional land surface water balance. The long-term average
(2002-2012) of total annual precipitation for each RFC area [24] is also reported in Table 1.
The area per dam is a useful index to assess the hazard potential and preparedness of
the existing dams because the location of the dams determines how many residents and
properties would be adversely affected due to the adjacent dam failure. In this report, the
area per dam is computed to measure the density of the NID-registered dams within the
RFEC area. The total storage per the upstream catchment area from the corresponding dam
is also computed to quantify the relative size of the cumulative storage capacity of dams
within an RFC region. These metrics are normalized by the corresponding RFC regional
area so the potential hydrologic impact and hazard potential assessment of the dams and
reservoirs can be directly compared across the 12 RFC regions.

2.3. Detection of the Dams within a River Forecast Center (RFC) Region

The original NID database includes detailed information about dams and reservoirs.
In this report, a key challenge was to identify which of the 75,501 dams are located inside
the boundaries of the 12 RFC areas. The shapefiles of the 12 RFC River basins and the
geographical information (longitude and latitude) of 75,501 NID-registered dams were used
to identify which dams are inside the RFC area boundaries; it took 906,012 iterations (12 RFC
basins x 75,501 dams). The NCAR Common Language (NCL) function “gc_inout.ncl” was
used to perform these iterations [25]. The NCL codes are available upon request to the
corresponding author.

2.4. Economic Benefits in Each RFC Region

To assess the potential economic value of water stored in the existing dams within
each RFC region, this study followed the methodologies that were used by [6]. Their study
estimated the monetary value of freshwater, per acre-ft of volume, based on the purpose
they served. This method was also used in a previous study [7] for the national-scale
economic assessment. This study updated the economic and hazard assessment using the
2018 NID database, including 91,191 dams over the CONUS. In this study, we calculate
the marginal cost of freshwater to the cumulative economic benefits of existing dams in
each RFC region, using the accumulated storage capacity and purpose of dams and 12 RFC
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geographical information such as the total number of the dams in a region. The result for the
value of freshwater by purpose was then adjusted for inflation using the Bureau of Labor’s
Consumer Price Index (CPI) calculator (https://www.bls.gov/news.release/cpi.toc.htm
for January 2019 accessed on 4 June 2019).

For the large-scale assessment, we simplified the economic impact assessment as
a function of storage volume; however, it can depend strongly on their operations and
authorized purposes along with the geographic and economic text of their own designed
purpose. Furthermore, the implication that the cost of a dam failure is equal to the loss
of these (average) benefits is also limited, failing to account for the damage and potential
loss of life from the dam failure itself. However, more information about dam structures
and operation policy and the size of exposed community to dam breach-related potential
hazards are required to assess the detailed assessment of dam-related risk and impact.
Some information for dams are not still publicly accessible due to the security issue and
private ownership. In this study, our focus is the large-scale assessment for risk and impact
assessment of the existing dams in the U.S. A further study of a site-specific assessment
with detailed information about dam operation and water demand is critical at the local
scale, which is, however, beyond this study.

3. Results

The 2018 NID database shows a slight increase in the total number of dams within
the 12 RFC regions compared with the previous report [7] (Table 1). The numbers of dams
within the 12 RFC areas range from 1700 dams within the California RFC area (2% of the
total dams) to 20,345 dams for the Missouri RFC region (27%). The cumulative maximum
storage capacities of the dams within the 12 RFC regions range from 19,400 million cubic
meters (15.7 million acre-ft; Mid-Atlantic) to 418 billion cubic meters (338.4 million acre-ft;
North Central). In the North Central RFC area, there are the Soo Locks, a set of parallel locks,
which has a reported maximum storage of over 334 billion cubic meters (270 million acre-ft).
In recent years, the locks serve 10,000 vessels per year including small passenger vessels
and workboats to large ships [19]. Over the 12 RFC regions, the ratios of the cumulative
storage capacity to the long-term averaged precipitation range from 8% (Mid-Atlantic) to
50% (Colorado), which indicates that the significant human disturbance, particularly due
to dam construction.

Figure 1 shows the percentages of the total dams by the four levels of hazard potential
(High, Significant, Low, Undetermined, and Missing) in terms of both the area per dam and
the cumulative storage per RFC region. From the area per dam indices, the percentage of
dams with high hazard potential ranges from 3% (West Gulf) to 46% (California). However,
93% of the total dams (5776 out of the 6197 dams) have an undetermined level of hazard
potential in the West Gulf RFC area. 93% of the total dams over the West Gulf RFC area
are equivalent to 39% of the regional cumulative storage. The Missouri and Arkansas RFC
areas have the second and third lowest percentages of dams with high hazard potential
(8% and 9%, respectively). It is worth noting that most of the RFC regions except for the
West Gulf and Northeast RFC areas show that 75% of the cumulative storage or more is
under high hazard potential. The Missouri RFC basin shows a noticeable change such that
the second-lowest percentage (8%) of the dams with high hazard potential becomes the
highest percentage (97%) of the cumulative storage per dam. This result indicates that the
dams with high hazard potential in the Missouri RFC area are the large dams.

Over the CONUS, 30% of the dams (23,386 out of 75,501) are supposed to have an
Emergency Action Plan (EAP) (Table 2); 67% of these dams have an EAP program while
the rest of the dams have no EAP. The percentage of the EAP-required dams but with
no EAP ranges from 10% (Colorado; well prepared) to 61% (Southeast; poorly prepared)
across the RFC regions. It is worth noting that the Southeast RFC area includes the state of
Alabama which has 2273 dams but does not have a state-level dam safety program, raising
concern for public safety related to dam breaches in the Southeast RFC area, particularly
in Alabama. Over the CONUS, 18% and 26% of the dams that have no EAP have a high
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and significant hazard, respectively, while 82% of the dams that have an EAP have high or
significant hazard potential (Figure 2).

(a) I .
el 2 B
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34
31 40 44

1(4,647) 2(2,735) 3(10,565) 4(4,066) 5(7,796) 6(5124) 7(20,345) 8(8,214) 9(6,196) 10(2,139) 11(1,972) 12(1,700)
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Figure 1. Percentages of the area per dam (a) and the cumulative storage per area (b) over the 12 RFC
areas for the four different levels of potential hazard: high, significant, low, and undetermined.
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Table 2. Dams with and without hazard potential and Emergency Action Plans over the 12 RFC areas.

E Action Plan (EAP
Hazard Potential mergency Action Plan ( )

1D RFC Region Number of Dams Required .
. . o . . . Not Required
High Significant Low Undetermined Missing Yes (a) No (b) (b)/((a)+(b))
1 Northeast 4647 1191 1571 1868 17 0 1893 363 0.16 2391
2 Mid-Atlantic 2735 1107 618 835 175 0 1687 258 0.13 793
3 Southeast 10,565 1694 1235 7420 216 0 1750 2840 0.62 5975
4 Ohio 4066 1314 1095 1632 25 0 1646 773 0.32 1647
5 North Central 7796 1182 870 5693 51 0 1531 1282 0.46 4983
6 Lower Mississippi 5124 950 590 3026 240 318 837 283 0.25 4004
7 Missouri 20,345 1551 1027 17,711 56 0 1337 344 0.20 18,664
8 Arkansas 8214 708 420 6260 69 757 851 115 0.12 7248
9 West Gulf 6198 215 52 153 0 5778 1480 425 0.22 4293
10 Northwest 2139 561 486 1085 7 0 716 479 0.40 944
11 Colorado 1972 685 410 873 3 1 982 105 0.10 885
12 California 1700 776 302 572 50 0 715 697 0.49 288

Total (CONUS) 75,501 11,934 8676 47,128 909 6854 15,425 7964 0.34 52,115
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a Emergency Action Plan
@) e B High

9% Significant
Low
Undetermined
Missing

23% 60%

(b) No Emergency Action Plan . Hih
Significant
18% Low
Undetermined
Missing

4% 4%

Figure 2. Percentages of dams with and without Emergency Action Plans ((a,b), respectively) at the

high, significant, and low hazard potential over the CONUS.

The ranks for the NID-registered dams that have an EAP and are designated high or
significant hazard potential are shown in Figure 3. The ranks are based on the indices of
the upstream area per dam and the cumulative storage per area. It is only the Mid-Atlantic
RFC area that shows that 90% of the EAP-required dams have an EAP, in terms of both the
upstream catchment area per dam and cumulative storage per area, indicating that this
region is well prepared for dam failure. Over the North Central and Southeast RFC areas,
less than 90% of the EAP-required dams have an EAP, based on the cumulative storage
per area. The Southeast RFC area has the most cumulative storage per dam that has either
high or significant hazard potential, regardless of the absence of an EAP (Figure 3c,d).
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(b) Rank for High and Significant Potential Hazard with No EAP (Area/Dam)
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(d) Rank for High and Significant Potential Hazard with No EAP (Storage/Area)
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Figure 3. Ranks for high and significant hazard potential with and without EAPs in terms of the area per dam (a,b) and

cumulative storage per area (c,d). Hatched areas depict the RFC areas that have 90% or more of the area per dam or

cumulative storage per area that are classified into high or significant hazard potential and have an EAP.

Classified hazard potentials in the 2018 NID database account only for the conse-
quences of a dam failure, not the current condition of a dam failure. The conventional
methods of the likelihood estimation of dam failure have been based on stationarity theory,
which means that a record-breaking event is unlikely to happen year after year post-
completion of dam construction [26]. However, structures are aging and are significantly
damaged during the occurrence of extreme events such as floods, droughts, and heatwaves.
As a dam gets older, the maintenance of the structure is crucial for public safety and
community resilience. We computed the annual time series of cumulative storage per the
upstream catchment area over the 12 RFC regions to understand the temporal patterns of
dam construction over the 12 RFC areas and identify which regions are at the risk in terms
of the age of dams (Figures 4 and 5).
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Figure 4. Annual time series of the cumulative storage per area (1870-2018) of the dams with all the types of hazard
potential (All; black solid lines) and only high and significant hazard potential (HS; red dashed lines) over the North Central
(a), Southeast (b), Lower Mississippi (c), Arkansas (d), Northeast (e), and Missouri (f) RFC areas. For the SI unit conversion,
one foot is 30.48 centimeters.

The total maximum reservoir storage capacity in the CONUS increased rapidly in the
1950s and 1960s, and additional dams have not been built since 2000 except in the North
Central and Southeast RFC areas. However, the growth of dam construction shows a dif-
ferent trend across the 12 RFC regions over time. The eastern U.S., including Northeastern,
Mid-Atlantic, and Southeast RFC regions, shows a rapid increase in the cumulative storage
per the upstream catchment area during a relatively short period (1950-1970), while the
dams in the northern part of the CONUS such as the North Central, Northeast, Northwest,
and California regions were constructed consistently from the 1880s through the 1980s.
The eastern U.S. regions are more likely to have a higher chance of structural failure or
dam malfunction and are where more dam failure occurrences have been reported since
1991 (Association of State Dam Safety Officials, 2013). These gradual and rapid increases in
the dam construction patterns are consistent with the growth trends of the dams with high
and significant hazard potential. Our findings are in line with the findings of a previous

study [7].

Table 3 shows the cumulative economic benefits from the existing dams across the
12 RFC regions. Over the CONUS, the average of the potential economic benefits per dam
is 0.8 million dollars. The RFC regions with the top four highest economic benefits (greater
than one million dollars) include Colorado (1st highest), Northwest (2nd), West Gulf (3rd),
and California (4th) while the RFC regions with the bottom four lowest economic benefits
(less than half-million dollars) include Southeast (9th), Mid-Atlantic (10th), Missouri (11th),
and Northeast (12th). The RFC regions with high benefits from existing dams are more
vulnerable to climate change-driven droughts [27-30], which suggests the economic value
of fresh water is expected to increase in the future while the RFC regions with low benefits
are water-ample due to diverse precipitation generating mechanisms (e.g., tropical cyclones,
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convective systems, frontal systems, etc.). The results imply that the value of the existing
dams becomes more critical for water resource management over drought-prone regions.
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Figure 5. Same as Figure 1 except for Colorado (a), West Gulf (b), Northwest (c), Ohio (d), Mid Atlantic (e), and California
(f) REC areas. The scale of the y-axis is one-third of the scale of the y-axis in Figure 4. For the SI unit conversion, one foot is

30.48 centimeters.

Table 3. Freshwater costs of accumulated storage capacity in 12 RFC regions.

Number of Dams Cumulative Storage Cost Average Potential Benefit
ID RFC Region $/Million  [MillionUS  [Thousands US
k-l [10° acres-ft] ] HAcre-ft Liters Dollars] Dollars/dam]

1 Northeast 4647 46.8 57.7278 20.9 16.94 978.12 210.48

2 Mid-Atlantic 2735 15.7 19.36595 40.8 33.08 640.56 234.21

3 Southeast 10,565 232.6 286.9121 19.6 15.89 4558.96 431.52

4 Ohio 4066 46.7 57.60445 37.8 30.65 1765.26 434.15

5 North Central 7796 338.4 417 4164 29.2 23.67 9881.28 1267.48

6 Lower Mississippi 5124 95.4 117.6759 344 27.89 3281.76 640.47

7 Missouri 20,345 207.6 256.0746 21.2 17.19 4401.12 216.32

8 Arkansas 8214 92.5 114.0988 50.5 40.94 4671.25 568.69

9 West Gulf 6198 66.8 82.3978 139.7 113.26 9331.96 1505.64

10 Northwest 2139 84 103.614 89.7 72.72 7534.80 3522.58

11 Colorado 1972 103.4 127.5439 122.4 99.23 12,656.16 6417.93

12 California 1700 43.2 53.2872 81.1 65.75 3503.52 2060.89
Total/ Average (CONUS) 75,501 1373.1 1693.719 57.28 46.43 63,204.75 837.14

4. Conclusions

In this study, we succeeded to harness the 2018 NID database in order to assess the
spatiotemporal patterns of the potential hydrologic impact of the exiting dams in the U.S.
We found that the cumulative maximum storage capacities of the 12 RFC river basins
ranged between 8% in the Mid-Atlantic and 50% in Colorado of the long-term averages
of annual precipitation, which is no longer negligible in the regional land surface water
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balance. According to our assessment of dam failure-related hazard potential, the Mid-
Atlantic and Colorado RFC regions are well prepared for potential hazards (90% of the
EAP-required dams with EAPs) while the Southeast RFC region is at the highest risk for
potential hazards among the 12 RFC river basins, due to poor preparation in terms of the
EAPs. Since the 1950s, cumulative storage capacity in the Southeast and Missouri regions
has rapidly increased along with the number of dams with high or significant hazard
potential, which raises a concern about community resilience to dam failure. In addition,
recent extreme weather such as hurricanes and atmospheric river-driven floods over the
U.S. have caused several dam crises, such as the Oroville Dam crisis in February 2017 and
Hurricane Harvey in August 2017 [31]. Dam failure/crisis will exacerbate adverse effects
of an unprecedented extreme event and cause a longer recovery time for the community.
The findings of this study suggest a need to develop and improve a regional-specific dam
safety program across the 12 RFC regions.

We found that the existing dams have been a vital resource of the nation’s river
systems, not only for water supply but also other uses such as navigation and flood control.
Due to the aging of dams and reservoirs, however, the development of a comprehensive
dam safety program is crucial for preserving the benefits to our daily lives from existing
dams. For the preparedness of potential dam failures, most of the 12 RFC regions are at
a high level of hazard risk due to potential failure or malfunction of the existing dams.
The results of the economic assessment of the existing dams found that the national
average potential economic benefit per dam is 0.8 million dollars with a wide range
between $0.2 and $6 million. The top four RFC regions with the highest economic benefits
experience a higher risk of drought in the future, causing a higher level of vulnerability to
water scarcity/crisis.

The dam safety program should consist of dam inspection and rehabilitation programs
(proactive), emergency action plans (reactive), and recovery plans (post-active). For the
first step of the improvement of the dam safety program in the U.S., the Emergency Action
Plan program for all the NID-registered dams at high hazard potential is mandatory, and
then secondary efforts should be transitioned toward proactive and post-active approaches
to increase public safety and community resilience to dam-related hazard potential. The
comprehensive dam safety program can secure the economic benefits from the existing
dams and make our environment safer and more sustainable.
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