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1. Purpose. This Engineer Pamphlet (EP) provides instructional and procedural guidance to
analyze and adapt to the direct and indirect physical and ecological effects of projected future sea
level change (SLC) on USACE projects and systems of projects needed to implement Engineer
Regulation (ER) 1100-2-8162.

2. Applicability. This Engineer Pamphlet applies to all USACE elements having responsibility
for Civil Works.

3. Distribution Statement. Approved for public release; distribution is unlimited.

4. References. References are listed in Appendix A.

5. Records Management (Recordkeeping) Requirements. The records management
requirements are addressed in ER 25-30-1 and prescribing directives. Proponents will review the
recordkeeping requirements of ER 25-30-1 whenever making changes to the
publication/directive. Proponents will coordinate any errata, revisions, or rescissions per ER 25-30-
1. .

6. Discussion. USACE missions, operations, programs, and projects must be resilient and
sustainable to observed and reasonably foreseeable coastal climate change effects, beginning
with SLC. This EP addresses adaptation to changing sea levels for every USACE coastal
activity as far inland as the extent of estimated tidal influence. The information presented here is
applicable to the full range of USACE projects and systems, from simple to complex, from small
to very large, and over the full life cycle. This EP integrates the recommended planning and
engineering to understand and adapt to impacts of projected SLC through a hierarchy of
decisions and review points that identify the level of analysis required as a function of project
type, planning horizon, and potential consequences.

FOR THE COMMANDER:
7 Appendices - KIRK E. GIBBS
See Table of Contents COL, EN
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Chapter 1
Introduction

1.1. Purpose. USACE missions, operations, programs, and projects must be resilient to coastal
climaPamphlet (EP) addresses adaptation to changing sea levels. It includes a broadly applicable
method encompassing four USACE mission areas and also provides insight into use for
multipurpose projects. The information presented here is applicable to the full range of USACE
projects and systems, from simple to complex, from small to very large, and over the full life
cycle. Adequately incorporating potential SLC into the planning, engineering, and operations
process should improve the resilience'of project systems and maximize performance over time.

a. SMART Planning. This EP integrates the recommended planning and engineering to
understand and adapt to impacts of projected SLC through a hierarchy of decisions and review
points that identify the level of analysis required as a function of project type, planning horizon,
and potential consequences.

(1) This approach supports SMART (S: Specific, M: Measurable, A: Attainable, R: Risk
Informed, and T: Timely) planning. SMART planning is risk-informed, decision-focused
planning transparently performed with the full vertical USACE team, partners, and stakeholders.

(2) Key decision matrix concepts address sustainability, resilience, adaptive and
anticipatory planning, and system and cumulative effects to help the practitioner determine the
sensitivity of a particular project or system to SLC, while at the same time emphasizing robust
project or system performance that is both flexible and adaptable to a range of future conditions.
Information in the appendices supports the development of risk registers used to streamline the
planning process.

b. Longer Planning Horizon. The planning, design, and construction of a large water
resources infrastructure project can take decades. Though initially justified over a 50-year
economic period of analysis, USACE projects can remain in service much longer. The climate
for which the project was designed can change over the full lifetime of a project to the extent that
stability, maintenance, and operation may be impacted, possibly with serious consequences, but
also potentially with beneficial consequences. Given these factors, the project planning horizon
(not to be confused with the economic period of analysis) should be 100 years, consistent with
ER 1110-2-8159. These concepts are further discussed in Section 1-2 below.

1.2. Key Concepts. The key issues that climate change poses for USACE are in many ways
common to all infrastructure agencies and organizations. Therefore, this guidance recognizes the

! Resilience has been defined by the IPCC (2007) as: “...the ability of a social or ecological system to absorb
disturbances while retaining the same basic structure and ways of functioning, the capacity for self-organization, and
the capacity to adapt to stress and change.” USACE (2013) describes resilience as “the ability to anticipate, prepare
for, respond to, and adapt to changing conditions and to withstand and recover rapidly from disruptions with
minimal damage.”
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essential role of collaboration with other Federal agencies and our state and community partners,
and the development of outputs necessary to meet external review, stakeholder, and USACE
expectations. Important background and framework information can be found in the National
Climate Assessment (http://www.globalchange.gov/what-we-do/assessment) and its underlying
technical reports (Parris et al. 2012, Burkett and Davidson 2013). General concepts relevant to
the approach of this EP are provided below (for terms and definitions, please see the Glossary).

a. Stationarity and Nonstationarity. Stationarity assumes that hydrologic or coastal
processes “vary within an unchanging envelope of natural variability,” so that the past accurately
represents the future (Milly et al. 2008). The assumption of stationarity has facilitated
management of water supplies, demands, and risks by planners and engineers (Webb and White
2010).

(1) Moser et al. (1990) suggested that “...thus far the evaluation and selection of Federal
coastal protection investments has assumed stationarity of climate and mean sea level.”
However, hydrologic engineers have long recognized and accounted for nonstationary processes
(Chow 1964, Hirsch 2011) using a variety of methods (e.g., Kiang et al. 2011). The dynamic
nature of climate change as it affects coastal and hydrologic processes requires us to fully
explore whether plans, designs, operations, and maintenance based on the principle of
stationarity are still valid (e.g., Milly et al. 2008).

(2) USACE SLC adaptation addresses the potential for nonstationary conditions through
the use of a multiple scenario approach, which includes a range of future potential sea level
change rates.

b. Responses or Management Approaches. Uncertainty about the future can be identified
not just with regard to sea level change or wider climate change processes but also with regard to
morphological, ecological, and socioeconomic change.

(1) An overall adaptive management approach provides a process for dealing with all of
these uncertainties and involves developing plans for the future that envisage a range of futures,
incorporate ongoing monitoring, and permit transitions from one engineering approach to
another. The approach gives freedom for different decision pathways to be followed depending
on the magnitude and rate of sea level and other changes.

(2) This flexible and responsive adaptive management philosophy may require the
consideration of modifications to how we think about project life, maintenance actions, ongoing
decision-making, and funding methods, including increasing use of nonstructural measures for
reducing the consequence element of risk.

c. Framework for Robust Analysis. Due to the uncertainty and variability of future SLC,
social, economic, and ecological changes, and their associated interactions, USACE employs a
robust framework for project performance that is flexible and adaptable to multiple future
scenarios. Emphasis should be placed on both how the project operates within a larger system
and how project decisions made today can influence future system responses to perturbations
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through adjustments, feedbacks, or cascading impacts. Robustness here is considered to be the
ability of a project or system of projects, or their adaptation strategies, to continue to perform
satisfactorily under changing conditions and over a wide range of conditions (Moser et al. 2008).

d. Robustness and Resilience. Robustness and resilience are related but contrasting
concepts. Both describe how a decision or system responds to perturbations relative to
functional expectations and performance goals. Robust systems, designs, and projects are sturdy.
They function and perform within specifications regardless of external stressors. External
stressors are absorbed or deflected without internal change. Resilient systems, designs, and
projects adapt, adjust, and change in response to internal and external stressors. Resilient
systems, designs, and projects have response gradients and thresholds or tipping points. Their
performance may shift to alternate states or regimes.

e. Scaled Analysis and Decision-Making. Given the potentially large uncertainties in
future climate, USACE should be proactive in preparing for the maintenance and performance of
a very wide range of projects. Economic and other constraints require that the level of effort
undertaken to assess climate impacts and to plan and engineer adaptation measures should be
commensurate with the scale of the decision being made and its potential consequences. This
decision scaling helps to make sense of the issues climate change poses and helps to characterize
the appropriate level of effort for analysis and design for the large array of USACE projects
(Brown et al. 2011).

f. Screening Tools. A key component of scaled decision-making processes is the effective
use of early screening tools. A screening tool is a mechanism to sort out the most applicable and
appropriate planning and design steps given the potential consequences. A risk-informed
decision matrix format can help direct the planning and design approach and the level of analysis
required. A risk matrix is used during risk assessment to define the various levels of risk as the
product of the probability and consequence categories. This is a simple mechanism to increase
the visibility of risks and assist management decision-making (Willows and Connell 2003,
Moser et al. 2008).

g. Epochs of Analysis. The period of analysis for USACE projects can range from 20 to
100 years, depending on the type of project. However, USACE guidance states that
“...appropriate consideration should be given to environmental factors that may extend beyond
the period of analysis” (ER 1105-2-100).

(1) Different planning horizons should be considered throughout a project evaluation to
help identify the degree of urgency of future actions as well as the expected resilience or
robustness of selected alternatives. At a minimum, 20-, 50-, and 100-year epochs of analysis are
recommended. The period of economic analysis for USACE projects has generally been limited
to 50 years because economic forecasts beyond that time frame were not considered reliable.

(2) However, the potential impacts of SLC over a 100-year period can be used in the
formulation of alternatives and the comparison of their resiliency. This EP does not recommend
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using the same level of analysis for all three epochs, but it does strongly recommend that some
predictions of how the project or system might perform, as well as its ability to adapt beyond the
typical 50-year economic analysis period, be considered in the decision-making.

h. Adaptation Horizon. Infrastructure often stays in place well beyond the economic
period of analysis. With continued operations, maintenance, repair, replacement, and
rehabilitation (OMRR&R), projects may be in place indefinitely and therefore may experience
greater impacts of climate change than expected during the initial design (see Figures 1 and 3).
Many of the SLC projection scenarios include an increased rate of sea level rise further into the
future (e.g., Bindoff et al. 2007, Nicholls et al. 2007, Parris et al. 2012). Using a longer
adaptation horizon enables us to improve robustness and resilience compared to planning for
shorter time frames. The adaptation horizon addresses the time of service of the project that can
extend past its original design life.

Glimate Impacts Increasing Severity of Climate Impacts

Engineering and Design

Project Service Life

\

In Service

50

Years
Figure 1. Water resources infrastructure time frames vs. climate impacts (After Savonis 2011.)

i. Scenario Analysis. Because of the uncertainty about future changes in climate, it is
necessary to examine a range of scenarios that reflect complete, coherent, and internally
consistent descriptions of plausible future states. This allows an examination of cases for
exposure to extreme events and performance for the project alternatives.

(1) As Moser et al. (2008) pointed out, “Rather than focus on a single without project
condition as the base, scenario planning acknowledges uncertainty by considering an array of
futures based on different potential values of key uncertainties. In this context, plans are
formulated that both address each of the possible futures but also are robust in achieving the
desired objectives regardless of the future.” An example could be the assessment of several
potential SLC values in conjunction with different infrastructure development rates in the project
area.

(2) This is not the traditional singular “most probable future condition” approach;
comparison and selection of alternatives in a multi-scenario setting is an approach to integrating
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nonstationarity and SLC-related uncertainty into decision-making and represents a new challenge
for planning USACE Civil Works (CW) projects.

J. Cumulative and System Effects. The USACE infrastructure operates in a system, even
though projects may have originally been designed in isolation. Cumulative and system-scale
effects can be important, as well as cascading impacts and surprise combinations. Any of these
effects can load a project to a higher degree than had been expected during its design phase.

(1) The risk and uncertainties associated with cascade failures are one reason the National
Research Council and others insist that coordinating systems and applying the precautionary
principle to management of known and suspected intersystem linkages and interfaces is critical
(National Research Council (NRC) 2009). Project loading refers to the forces that can
destabilize a project.

(2) Understanding the relationships between critical systems and infrastructure may point
to novel solutions or combinations of existing solutions that improve resilience. While a project
may either remain stable or change but perform in an acceptable manner, if the system that it
operates within fails to function, if other larger processes are impacted (such as storm water
drainage or power supply), or if benefits assumed are not realized, then the project itself may be
either not viable or not sustainable (Moser et al. 2008). Ecological, economic, social, cultural,
and infrastructure systems have properties that require special attention.

k. Tipping Points and Thresholds. Identifying thresholds beyond which performance is
adversely affected is an important way to understand current and future vulnerability. The
Intergovernmental Panel on Climate Change (IPCC, 2007) defines a threshold as the level of
magnitude of a system process at which sudden or rapid change occurs.

(1) Thresholds can take a wide range of forms, including physical, economic, social, and
environmental thresholds. A tipping point is a point or level at which new properties emerge in
an ecological, economic, or other system, invalidating predictions based on mathematical
relationships that apply at lower levels.

(2) It is especially important to note these tipping points, because the performance of the
system can deteriorate rapidly once these thresholds are exceeded. Understanding thresholds can
inform the urgency of action, the range of feasible actions, any necessary transition points from
one type of measure to another, and the selection of extreme conditions for design, as well as
larger system effects (Environment Agency 2009).

1. Stability and Performance Functions. Projects and systems of projects can be assessed
in terms of both their stability against the design loading and their ability to perform their
function under these loadings. Stability and performance may have different sensitivities to
SLC. In addition, project performance may shift dramatically if structural failure occurs.

EP 1100-2-1 @ 30 June 2019 7



(1) An example of a stability function within the flood damage risk reduction mission area
would be the ability for a floodwall or levee to retain its cross section without failing as it is
exposed to higher water levels and greater forces. In contrast, the floodwall may remain stable
(i.e., not fail catastrophically), but if it is overtopped excessively, it may not perform the function
that it was designed for, and the benefits assumed for its construction may no longer be provided
as intended.

(2) Design loading for a given project will vary with project type. This term refers to the
forces (or for ecosystem projects, stressors) that the project was designed to withstand. For
navigation and coastal storm damage reduction structures, design loading is typically a
combination of wave height and water level. The design loading for flood damage reduction
structures depends primarily on extreme water level. Ecosystem projects are more likely to be
defined by stressors such as depth of inundation, sediment and nutrient availability, and salinity.

m. Consequences. Consequences are the end result or effect caused by some event or
action, and they may be beneficial, neutral, or detrimental. Consequences may be expressed
descriptively, categorically (e.g., high, medium, low), or quantitatively (e.g., monetary value,
number of people affected). Developing a good understanding of consequences is important in
scaled decision-making. Managing consequences is a key part of good flood risk management
and includes building elevation, flood proofing, land use planning, victim relief, and insurance.
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Chapter 2
Understanding and Estimating Sea Level Change (SLC)

2.1. Background. USACE climate change adaptation guidance will be periodically reviewed
and revised as new information becomes available. This chapter presents key information
needed to understand SLC: nonstationarity and changes in global mean sea level, which in turn
lead to changes in relative local sea level. Appendix B contains more detailed information on
SLC to provide scientific context drawing from ER 1100-2-8162, National Oceanic and
Atmospheric Administration (NOAA, 2010b) and other publications (e.g., Church and White
2011, NRC 2012, Parris et al. 2012).

2.2. Changes in Global Mean Sea Level.

a. Understanding Global Mean Sea Level. USACE water resources management projects
are planned, designed, constructed, operated, and maintained locally or regionally.

(1) At any location, changes in Local Relative Sea Level (LRSL) reflect the integrated
effects of global mean sea level (GMSL) change plus local or regional changes of geologic,
oceanographic, or atmospheric origin. Atmospheric origin refers to the effects of the climate
oscillations such as the El Nifio-Southern Oscillation (ENSO) and North Atlantic Oscillation
(NAO), which in turn impact coastal SLC at decadal time scales.

(2) It is important to understand the processes resulting in changes to GMSL. Appendix B
contains detailed information on changes in GMSL. Recent climate research has documented
observed global warming during the 20th century and has predicted either continued or
accelerated global warming for the 21st century and possibly beyond (Bindoff et al. 2007). One
impact of continued or accelerated climate warming is thus continued or accelerated rise of
GMSL due to continued thermal expansion of ocean waters and increased volume due to the
melting of Greenland and Antarctic ice masses (Bindoff et al. 2007).

b. Recent Research. Recent research has addressed potential ranges of GMSL rise by year
2100 (NRC 1987, 2012, Rahmstorf 2007, Horton et al. 2008, Pfeffer et al. 2008, Vermeer and
Rahmstorf 2009, Jevrejeva et al. 2010, Katsman et al. 2011), as shown in Figure 2. The caption
“USACE 2013 represents the guidance in this EP and ER 1100-2-8162.

(1) The most recent NRC report (2012) projects an upper bound of approximately 1.4 m,
which is very close to the upper bound of 1.5 m used in this guidance. (See Appendix B for
additional background.) The 2012 report by NOAA (Parris et al. 2012) states that ““...we have
very high confidence (>9 in 10 chance) that global mean sea level will rise at least 0.2 meters (8
inches) and no more than 2.0 meters (6.6 feet) by 2100.”

(2) A credible upper bound for 21st century GMSL is about 2 m. There are other research

papers that suggest the upper bound may be larger than 2.0 m (see Grinsted et al. 2010).
However, the consensus of reports such as Bindoff et al. (2007) and Parris et al. (2012) is that
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exceeding 2.0 m by 2100 is not likely. Additional discussion is provided in Appendix B. As
shown in Figure 2, IPCC (2001, 2007, 2013) gives a range of sea level rise, but at the high end
there is an unknown additional potential contribution from major ice sheets, which is not shown
for these IPCC ranges. The other estimates shown in Figure 2 do not have this limitation.

2.0 4

2.0 2.0
1.9
13 | 1.8
i IPCC (2001, 2007, and

2013) acknowledge that

16 there is an unknown
1.50 . o 1.5

additional potential
1.4 contribution from &L Cd

major ice sheets that is

not included in the
1.2 4 1.15

range shown here.
1.0 - 0.96

0.89

0.8 oG

0.67 : 0.75
0.6 - 0.58

0.59
0.50 CE 0.5
0.32
0.19 0.2 0.2

Sea Level Rise (meters)

0.54
0.4 -

0.2 -

0.09

0.0 T T T T T T T T T T T T )
NRC IPCC IPCC IPCC Rahmstorf Horton Pfeffer Vermeer Jevrejeva Katsman NRC NOAA USACE
1987 2001 2007 2013 2007 2008 2008 2009 2010 2011 2012 2012 2013

Figure 2. Comparison of maximum and minimum estimates of global sea level rise by 2100

2.3. Local MSL Factors.

a. For USACE projects, the sea level changes that are of interest are the local or regional
changes that impact project performance.

(1) LMSL reflects relative mean sea level variations due to a combination of regional
vertical land motion, regional oceanographic change, and global mean sea level change. In
practice, LMSL can be measured using tide gauge data, repeat land leveling or GPS survey
techniques, and InSAR remote sensing.

(2) Local relative sea level (LRSL) change can cause a number of impacts in coastal and
estuarine zones, including changes in shore erosion or accretion, inundation or exposure of low-
lying coastal areas, changes in storm and flood damages, shifts in the extent and distribution of
wetlands and other coastal habitats, changes to groundwater levels, and alterations to salinity
intrusion into estuaries and groundwater systems (e.g., Nicholls et al. 2007, CCSP 2009, Parris et
al. 2012).

b. Appendix B contains a thorough discussion of geologic factors, which are a primary
component of LRSL, that can impact project performance.
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(1) Fortunately, in many locations, direct estimates of local vertical land uplift or
subsidence can be obtained from co-located tide gauges and Continuously Operating Reference
Stations (CORS). The National Geodetic Survey, an office of NOAA’s National Ocean Service,
manages a network of CORS that provide Global Navigation Satellite System (GNSS) data
consisting of carrier phase and code range measurements in support of three-dimensional
positioning, meteorology, space weather, and geophysical applications.

(2) CORS enhanced post-processed coordinates approach a few centimeters relative to the
National Spatial Reference System, both horizontally and vertically. As of November 2011, the
CORS network contained over 1,800 stations, contributed by over 200 organizations, and the
network continues to expand.

c. Vertical land movement can be caused by many factors, such as regional tectonic
movement, regional vertical land subsidence or uplift, compaction of sedimentary strata, crustal
rebound in formerly glaciated areas, and subsidence due to local withdrawal of subsurface fluids
(water or hydrocarbons). Appendix B also discusses atmospheric factors that can affect local or
regional water levels. Decadal-scale phenomena include the Pacific Decadal Oscillation, El
Nifio—Southern Oscillation, and the North Atlantic Oscillation, among others. [See Bindoff et al.
(2007) or Parris et al. (2012) for a more complete discussion.] Regional mean sea level change
is most easily seen in satellite altimeter trend maps (Parris et al. 2012).

d. Decadal and seasonal water level variation should be considered in addition to SLC; it is
discussed in detail in Appendix B. Although the effects of episodic storm events are important to
consider throughout the project life cycle, the incorporation of the influence of tropical or
extratropical storms on the application of sea level trends is outside the scope of this document.

2.4. Determination of Historical Trends in Local MSL.

a. Historical and Future Trends. The planning, management, engineering design,
construction, operation, and maintenance of USACE water resource projects in and adjacent to
the coastal zone must consider the potential that future accelerated rise in GMSL will affect the
local MSL trend.

(1) At the same time, USACE project planners and engineers must be aware of the
historical trend in local MSL, because it provides a useful minimum baseline for projecting
future change in local MSL. Awareness of the historical trend of local MSL also can contribute
to an assessment of the impacts that SLC may have had on regional coastal resources and
problems in the past, although these impacts may be difficult to determine.

(2) The length of time that the historical local trends in MSL can be validly projected into
the future depends on at least the following factors:

(a) Confidence in the present trend,

EP 1100-2-1 @ 30 June 2019 11



(b) Future variability in the local rate of change,
(c) Future variability and changes in trends of global mean sea level, and
(d) Future changes due to changes in rates of vertical land motion and ocean circulation.

b. Use of Tide Gauge Records. Historical trends in local MSL are best determined from
tide gauge records. ER 1110-2-8162 identifies the NOAA Center for Operational Oceanographic
Products and Services (CO-OPS) and the Permanent Service for Mean Sea Level (PSMSL),
which is a component of the U.K. Natural Environment Research Council’s National
Oceanographic Centre, as authoritative sources of tide gauge data inside and outside the U.S.,
respectively (see http://www.co-ops.nos.noaa.gov/index.html and http://www.psmsl.org/).
Appendix B contains a detailed discussion of the use of tide gauge data in estimating historical
trends.

c. Length of Tide Gauge Records. The length of the tide gauge record impacts the
robustness of the estimated historical relative mean sea level change. Interannual, decadal, and
multi-decadal variations in sea level are sufficiently large that misleading or erroneous sea level
trends can be derived from periods of record that are too short (Douglas 2001, Zervas 2009). For
example, Breaker and Ruzmaikin (2013) observed that decadal-scale variability can induce
scatter into calculated acceleration rates for periods that are shorter than about 40 years.

(1) The Manual on Sea Level Measurement and Interpretation (IOC 1985, 2012) suggests
that a tidal record should be of at least two-tidal-epoch duration (about 40 years) before being
used to estimate a local MSL trend. Time series of 50—60 years are preferred in order to have
reasonable confidence intervals for determining trends (Douglas 2001).

(2) Using trends in relative mean sea level from records shorter than 40 years is not
advisable. If estimates based on shorter terms are the only option, then the local trends must be
viewed in a regional context, considering trends from simultaneous time periods from nearby
stations to ensure regional correlation and minimize anomalous estimates. The nearby stations
should have records that are long enough (greater than 40 years) to determine reasonable trends,
which can then be compared to the shorter, local sea level records. Experts at NOAA’s National
Ocean Service (NOS) should be able to assist when periods of record are short or records are
otherwise ambiguous.

d. Standard Error of Estimate. For project planning and design supporting the entire
project life cycle, the actual standard error of the estimate should be calculated for each tide
gauge data trend analysis, and the estimates should not be used as the sole supporting data.

(1) For many locations along the U.S. Atlantic and Gulf of Mexico coastlines, tide station
data are likely to have adequate spatial density and record duration to permit extrapolations
between stations with an adequate degree of confidence.
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(2) Recognized exceptions are the coastlines between Mobile, Alabama, and Grand Isle,
Louisiana, and in Pamlico/Albemarle Sounds, North Carolina, which contain no acceptable long-
term tide gauge records.

(3) Coastal Louisiana is subject to the highest natural rates of subsidence in the nation.
Where a tide gauge is close to a project but has a short historical data duration, and another tide
gauge is farther away but has a longer historical data duration, a tidal hydrodynamics expert
(e.g., from NOAA-NOS) should be consulted as to the appropriate use of the closer tide gauge
data.

2.5. Estimating Future Change in Local MSL.

a. The relative sea level rates considered will include, as a minimum, a low rate, which must
be based on an extrapolation of the historical tide gauge rate, and intermediate and high rates,
which include future acceleration of GMSL.

(1) The influence of location on future conditions must be addressed in all analyses.
Nonstationarity is included and addressed with a reasonable upper bound based on the published
scientific literature.

(2) The analysis may also include additional intermediate or high rates, if the project team
desires [e.g., from Parris et al. (2012)]. The sensitivity of each design alternative to the various
rates of SLC must be considered. As in previous USACE sea level change guidance, designs
should be formulated using the wide body of currently accepted design criteria for each
applicable mission area.

b. The use of sea level rise scenarios as opposed to individual scenario probabilities
underscores the uncertainty in how LRSL will actually play out into the future. The use of
“curves” is mathematically smooth, but it is unlikely that actual variations will have that
attribute. The uncertainty is magnified when the responses of coastal systems and processes are
considered or when the combined effects of sea level rise and altered storm frequency or
intensity are evaluated.

c. ER 1100-2-8162 requires the use of three scenarios, at a minimum, to estimate future sea
levels. These are a low rate that must be based on an extrapolation of the historical tide gauge
rate, and intermediate and high rates that include future acceleration of GMSL.

(1) The historical rate of relative SLC at relevant local tide stations should be used as the
low rate for analysis of the effects of future changes in LRSL.

(a) The current, historically based rate of change will be estimated from local tide station

records if oceanographic and geologic conditions at the tide station are determined to be similar
to and consistent with those at the project site.
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(b) The present tide gauge trends (Zervas 2009) are due to a combination of global sea
level change and the influences of regional sea level change and local and regional vertical land
motion. In most instances, acceleration of rates of global mean sea level have not been identified
as main drivers of those local and regional rates. This lowest curve is primarily controlled by
regional sea level change projection and land uplift or subsidence.

(2) The intermediate and high rates are calculated using the following equation:
E(t2) — E(t1) = 0.0017(t2 — t1) + b(t2? — t12) (1)

(3) Where ti is the time between the project’s construction date and 1992 and tz is the time
between a future date at which one wants an estimate for sea level change and 1992 (or t2 =t1 +
number of years after construction) (Knuuti 2002). The variable b is equal to 2.71E-5 for
modified NRC Curve I and 1.13E-4 for modified NRC Curve III.

(a) The year 1992 is used to start these curves because 1992 is the center year of the
NOAA National Tidal Datum Epoch (NTDE) of 1983-2001. The NTDE is the period used to
define tidal datums (Mean High Water, for instance, and local MSL) (Flick et al. 2013).

(b) For example, if a designer wants to know the projected eustatic sea level rise at the end
of a project’s period of analysis, and the project is to have a 100-year life and is to be constructed
in 2013, t1 =2013 -1992 =21 and t2 = 2113 — 1992 = 121.

(4) The low, intermediate, and high curves can be calculated using the USACE on-line
calculator at www.corpsclimate.us/ccaceslcurves.cfm. Figure 3 shows an example of the three
curves for Grand Isle, LA.
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Figure 3. USACE SLC curves for Grand Isle, Louisiana. These curves
include eustatic sea level rise values and subsidence rates
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2.6. Magnitude of Changes and Frequency of Events. To achieve a realistic assessment of
future vulnerability, the incorporation of SLC (or other climate factors) will need to describe the
change from two general perspectives: magnitude and frequency.

a. Magnitude of Changes. Identifying the potential magnitude of water level changes at
the project site due to SLC begins with the future projection of local SLC as described in the
three SLC curves.

(1) Note that with the exception of the extrapolation of the historical trend given by the
low curve, the rate of change is projected to increase with time. This is an important
consideration for potential project area changes in the future.

(2) Since modifications or adaptations in some project areas can take a significant amount
of time, it is recommended that tipping points and thresholds that may require design
adjustments be evaluated at shorter intervals of time. Evaluating potential impacts or project
changes at 10-year intervals could help to identify the types of changes that impact performance
and trigger adaptation decisions.

(3) Different planning horizons should be carried throughout the project in order to
identify the degree of urgency of future actions as well as the expected resilience of selected
alternatives. Recommended ranges of time to evaluate impacts and adaptation strategies are 20,
50, and 100 years.

(4) Water Level Excursions. Once the range of projected changes in sea level is identified
for the project site, the influence of that change on the natural variability of the water level
excursions, as well as potential effects on other variables such as storm surge or wave height, can
be evaluated. Local extremes refer to the frequency distribution of the maximum and minimum
observed water levels. NOAA CO-OPS compiles monthly time series of maximum and minimum
water levels at each NOAA water level station. A complete discussion of these excursions is
presented in Appendix B and in Figure B-17. For potential future extreme water levels, the
potential for nonstationary components should be addressed.

(5) Shifts of Datum. It is important to consider the potential shift in datum for the low,
intermediate, and high SLC estimates. For projects that are sensitive to SLC, a more detailed
wave and surge analysis should be conducted at a later stage in the study.

(6) Site-Specific Analysis. Tide gauge data are representative of the site at which the data
were collected. Other locations could be impacted by fewer or additional factors. For example,
tide gauges that are located interior to an estuary or embayment may not include loading
parameters such as wave run-up and open coast storm surge that are appropriate for a project site
located along the open coast shoreline. Other extreme sudden changes, such as rapid subsidence
due to an earthquake, should also be considered, depending on the project site.
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(7) Low vs. High Water Levels. Both extremes of low and high water levels should be
considered. In many cases, changes in extreme highs for the project area may represent the
controlling loading case, but the shift in extreme low water levels can also be important for some
projects. For example, ecosystem, water supply, and drainage projects will be impacted by a
shift in the normal and extreme low water levels. Extreme lows would also be important, for
example, for a project where performance is connected to gravity flow canal or drainage systems.

b. Frequency of Events. The second area of primary concern in terms of defining future
project area vulnerability involves assessing the potential increase in the frequency of water level
events or loading conditions. In the case of relative sea level rise, a given flood or storm surge
event will occur on top of a higher mean sea level, so the frequency of flooding will increase
even if all other factors remain equal. Future extreme water level excursions will reach higher
elevations than past storms and will do so more frequently, impacting both flooding and
structural loading (e.g., Kriebel 2012). Appendix B addresses frequency in greater detail.

2.7. Overall Process- or Performance-Driven Impacts and Other Factors.

a. Physical Context. A thorough physical understanding of the project area and project
purpose is required in order to effectively assess the project’s sensitivity to SLC.

(1) Depending on the project’s purpose and level of exposure, some USACE projects will
be impacted by average annual conditions, such as navigation conditions at an open ocean
navigation project, while others may be more vulnerable to extreme events. The potentially
catastrophic failure of a levee or floodwall would fall into the latter category.

(2) Some projects may be vulnerable to both types of impacts, e.g., stability issues for the
reliability of the infrastructure (often driven by extreme events) and performance issues related
to changes in annual conditions, such as the frequency or return interval of overtopping and
flooding or changes in ecosystem characteristics due to modified hydraulics.

b. Response. Assessment of a project area’s response to potential SLC should include an
analysis of natural long-term process response mechanisms. Different antecedent geologies and
geomorphic characteristics of coastal shoreline units will present very different long-term
responses to SLC (see Appendix D).

(1) Each project area may also include exposure to other climate change factors (e.g.,
storm wave frequency and intensity, precipitation) as well as significant interconnections with
systems (natural or man-made) within the project area. In these cases, SLC will need to be
assessed with other factors to determine the cumulative effect on project stability and
performance.

(2) One loading alone or one climate change factor alone may not produce significant
impacts, but multiple impacts can result in a failed system. This is particularly true if the project
area is already stressed or has low resilience to change. An example is the combined impacts of
increased sea level, increased storm wave height and storm surge, and increased precipitation on
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the storm drainage system of a coastal community. Some additional discussion of these factors
can be found in Chapter 3 and Table 7 of this document. Ongoing research and guidance is
being developed for these subject areas.
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Chapter 3
Effect of Sea Level Change on USACE Decision-Making Processes

3.1. Sea Level Change, Uncertainty, and Risk in Decision-Making.

a. Decisions made in USACE CW missions rely on technical assessments and models
evaluating complex physical processes such as erosion, sediment transport, waves, saltwater
intrusion, and storm surge.

(1) Sea level change must be incorporated into these assessments and models (both at the
mean and at the extremes). SLC is unlike other factors that have influenced the development of
decision-making processes in USACE. It has a high degree of uncertainty, it could potentially
lead to severe effects, and it has a long time horizon.

(2) Consequently, USACE must use a modified decision-making approach when
considering the effects of SLC. At the same time, SLC is just one of many factors to be
considered in the evaluation of USACE project maintenance and development. Adequately
incorporating potential SLC into decision-making processes will improve the resilience of
systems and maximize sustainability over time. This chapter provides details on how SLC
affects USACE decision-making as well as recommendations that will improve its incorporation
into the process.

b. A tiered analysis is recommended for the inclusion and assessment of SLC impacts on
the project and the project alternatives. After each analysis tier, there are review and decision
points that allow the engineers and planners to reassess whether or not the required data and
analysis are sufficient to answer the essential problem statements and risk questions of the study.
The three primary tiers include: (1) establishing a strategic decision context, (2) determining
project area exposure and vulnerability, and (3) developing and evaluating alternatives for
addressing sea level change at the project site.

c. The approach to decision-making in the planning phase of USACE project development
is the formal six-step planning process detailed in ER 1105-2-100 and in the Water Resources
Council’s 1983 Economic and Environmental Principles and Guidelines for Water and Related
Land Resources Implementation Studies (P&G) (WRC 1983).

(1) The planning process is a structured approach to decision-making that explicitly
requires the identification and description of areas of risk and uncertainty in analyses so that
decisions can be made with knowledge of the degree of reliability of the estimated benefits and
costs and of the effectiveness of alternative plans. The conundrum of the planning process, and
any decision support process, is in doing sufficient work to support a decision while avoiding
decision paralysis or, worse, making decisions that ignore important uncertainties.
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(2) The tiered approach to incorporating SLC addressed in this document melds easily
with the USACE six-step planning process and will facilitate decision-making within the context
of high uncertainty.

d. Decision-making during other phases of the project life cycle may be less formal and
require differing levels of detail, but the basic concepts of the six steps provide a strong foundation
for decision support and are adaptable to any level of detail.

(1) Figure 4 provides specific focus areas at each planning step that may require additional
attention when addressing SLC and multiple scenarios at a project. In this figure the six
planning steps (along with the three tiers) are displayed on the left hand side of the figure. On
the right hand side, beside each planning step, are specific aspects of each step that may need to
be approached differently when incorporating SLC.

(2) The concepts and ideas in Figure 4 can be used at any stage in a project, from initial
planning to operations and maintenance. For USACE projects, the without project can range
from an evaluation of project performance impacts and maintenance increases for an existing
project to the initial assessment of sustainable project location for a new project.

3.2. Changes in Decision-Making Necessary to Consider SLC.

a. Multiple Scenarios. The USACE planning process calls for the comparison of plan
performance to a single, most-likely future condition. This is a requirement of the National
Environmental Policy Act (NEPA) and ensures that all alternatives are evaluated against a
common baseline so that the impacts of the alternatives are accurately described.

(1) Through this comparison, USACE planners also can identify the plan that maximizes
expected net benefits or, in the case of ecosystem restoration, the plan that is most cost effective
in achieving its objectives. However, when considering climate change or other broadly
uncertain drivers, currently available data and techniques do not provide the ability to estimate
probabilities associated with future scenarios.

(2) Therefore, even though a single future must still be used in NEPA evaluations,
methods are needed to compare project performance across a range of possible futures.

(3) Range of Potential Futures. Scenario analysis is proposed for those problems that have
large uncertainties with large potential consequences.

(a) Scenarios are not forecasts of the future but are plausible future states that are used to
examine potential outcomes and assess the performance of USACE projects. According to ER
1110-2-8162, at a minimum, three distinctly different scenarios represent the range of plausible
future rates of low, intermediate, and high SLC. Both with- and without-project conditions
should be evaluated using low, intermediate, and high rates of future SLC.
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(b) The multiple-scenario approach is designed to provide a flexible and robust framework
that, within existing decision processes, can be modified as needed and as new information is
obtained. An example of such an approach is the assessment of two different future extreme
water levels combined with two different commercial development options or two different
critical infrastructure configurations (EM 1110-2-1619, Swart et al. 2004, Moser et al. 2008).

(4) Strategies for Evaluating Alternatives for Multiple Scenarios.

(a) One approach to evaluating multiple scenarios is to work within a single SLC scenario,
formulating, evaluating, and comparing alternatives and then identifying the preferred alternative
under that scenario. That alternative’s performance would then be evaluated under the other
SLC scenarios to determine its overall potential performance. This approach may be most
appropriate when local conditions and plan performance are not highly sensitive to the rate of
SLC.

(b) Another approach is to formulate alternatives under all SLC scenarios and then
evaluate and compare all alternatives against all SLC scenarios rather than determining a “best”
alternative under any specific future scenario. This approach avoids focusing on an alternative
that is only best under a specific SLC scenario, and it prevents rejecting alternatives that are
more robust in the sense of performing satisfactorily under all scenarios. This comprehensive
approach may be more appropriate when local conditions and plan performance are very
sensitive to the rate of SLC.

(c) A third approach is to employ either approach (a) or (b) and then to incorporate the
robust features of the evaluated alternatives to improve the project’s performance over its entire
life cycle.

b. Adaptation Options. For all of the USACE mission areas, adaptation options can be
developed based on two fundamental categories: (1) purpose and magnitude (Table 1) and (2)
resilience and adaptability (Tables 2—4).

(1) These options will vary with the level of development and natural resilience in the
project area as well as the project sponsor’s position on residual risk. The basic
purpose/magnitude options to address SLC over the project life cycle fall into three general
categories: Protect, Accommodate, or Retreat.

(2) Note that an alternative plan may consist of a combination of adaptation approaches
that crosses boundaries from protect to accommodate to retreat or may consist of a transition
from one approach to another over the project life cycle. Table 1 summarizes potential
adaptation approaches by project type, addressing purpose and magnitude of action.

c. Resilience and Adaptability. Coastal risk reduction can be achieved through a variety of
approaches, including natural or nature-based features (e.g., wetlands and dunes), nonstructural
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interventions (e.g., policies, building codes, and emergency response such as early warning and
evacuation plans), and structural interventions (e.g., seawalls and breakwaters).

(1) Natural and nature-based features can attenuate waves and provide other ecosystem
services (e.g., habitat, nesting grounds for fisheries).

(2) Nonstructural measures are most often under the jurisdiction of state and local
governments (and individuals) to develop, implement, and regulate, and they cannot be imposed
by the Federal government.

(3) Perhaps better known are the structural measures that reduce coastal risks by
decreasing shoreline erosion, wave damage, and flooding (USACE 2013). Tables 2—4 provide
examples of nature-based (NBI), nonstructural (NS), and structural (S) measures (USACE 2013).

d. USACE Integrated Strategy. The USACE planning approach supports an integrated
strategy for reducing coastal risks and increasing human and ecosystem community resilience
through a combination of the full array of measures: nature-based, nonstructural, and structural.

(1) This approach considers the engineering attributes of the component features and the
dependencies and interactions among these features over both the short and the long term. It also
considers the full range of environmental and social benefits produced by the component
features.

(2) Renewed interest in coastal risk reduction efforts that integrate natural and nature-
based features reveals the need for improved quantification of the value and performance of
nature-based defenses for coastal risk reduction. Federal, state, local, NGO, and private sector
interests connected to our coastal communities possess a complementary set of authorities and
capabilities for developing more integrated coastal systems (USACE 2013).
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Table 1.

Potential adaptation approaches by project type, addressing purpose and magnitude.

o Construct tidal gates, install salt
water intrusion barriers

o Freshwater injection /diversion
® Modify land use
e Migrate landward

Project
Type Protect Accommodate Retreat
e Upgrade and strengthen existing e Upgrade drainage systems o Relocate interior
primary structures Increase maintenance and harbor infrastructure
e Expand design footprint and cross dredging due to relative sea
section of existing structures, o Adjust channel location and level rise or fall
Navigation including raising for clearance and dimensions e Abandon harbor/port
access ® Modify operational windows e Re-purpose project
o Add secondary structures Flood proof interior area
o Add structures to protect backshore infrastructure
Improve resilience of backshore o Add sediment to shoreline or
facilities underwater morphology
e Upgrade and strengthen existing e Increase maintenance of o Relocate buildings
structures shoreline protection features and infrastructure
e Expand design footprint and cross | e Sediment management e Land-use planning
Coastal section of existing structures o Beach nourishment/ vegetation and hazard mapping
Storm ¢ Add secondary structures o Upgrade drainage systems e Modify land use
Damage | e Dune/beach construction e Upgrade and modify
Reduction infrastructure
¢ Flood proof buildings
Implement building setbacks
® Modify building codes
e Upgrade and strengthen existing e Increase maintenance of flood | e Relocate buildings
structures risk protection features and infrastructure
o Expand design footprint and cross | e Upgrade and modify e Land-use planning
Flood Risk section of existing structures infrastructure and hazard mapping
Reduction | e Construct levees or implement e Improve natural shoreline ® Modify land use
flood proofing measures resilience (vegetation}
¢ Add secondary structures ¢ Flood proof buildings
e Dune/beach construction o Implement building setbacks
o Construct drainage systems o Accept changes to ecosystems | o Allow/facilitate
¢ Construct shoreline protection ¢ Sediment management habitat conversion
structures, dikes or cells ¢ Change water extraction e Forbid hard defenses
Ecosystems

e Ecosystem migration
e Abandon ecosystem
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Table 2.

Natural and nature-based features at a glance. General coastal risk reduction performance factors
include storm intensity, track and forward speed, and surrounding local bathymetry and
topography (USACE 2013).

Dunes and
Beaches

Vegetated
Features

Oyster and
Coral Reefs

Barrier Islands

Maritime
Forests/Shrub
Communities

Benefits/Processes

-

¢ Breaking of
offshore waves

e Attenuation of
wave energy

e Slow inland
water transfer

¢ Breaking of
offshore waves

e Attenuation of
wave energy

e Slow inland
water transfer

e Increased
infiltration

¢ Breaking of
offshore waves

e Attenuation of
wave energy

e Slow inland
water transfer

e Wave
attenuation
and/or
dissipation

e Sediment
stabilization

e Wave
attenuation
and/or
dissipation

e Shoreline
erosion
stabilization

e Soil retention

P

erformance Factors

e Berm height and
width

e Beach slope

e Sediment grain
size and supply

¢ Dune height,
crest, and width

e Presence of
vegetation

e Marsh, wetland,
or SAV
elevation and
continuity

e Vegetation type
and density

e Marsh, wetland,
or SAV
elevation and
continuity

e Vegetation type
and density

e Marsh, wetland,
or SAV
elevation and
continuity

e Vegetation type
and density

e Marsh, wetland,
or SAV
elevation and
continuity

e Vegetation type
and density
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Table 3.

Nonstructural features at a glance. General coastal risk reduction performance factors include
collaboration and shared responsibility framework, wave height, water level, and storm duration

(USACE 2013).
Floodplain Policy and| Floodproofing and | Flood Warning and
Management Impact Reduction Preparedness Relocation

Benefits/Processes

e Improved and
controlled floodplain
development

e Reduced opportunity
for damages

e Improved natural
coast environment

e Reduced opportunity
for damages

e Increased comm