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3.1 Climate Change in Coastal Texas

The specific aspect of climate change that is sea level is a complex subject addressed separately in
the H&H Attachment (Relative Sea Level Rise) to the H&H Engineering Appendix. This section
discusses other future climate changes (mainly precipitation) based on current scientific evidence
and studies. Climate change is expected to pose several challenges along the Texas coast. It is
expected to vary greatly along the extensive Texas coast from the Mexican border to the Louisiana
border. These challenges will unfold against a backdrop that includes a growing urban population,
incentives for energy production, and advances in technology.

For the current study area, the primary climatic forces with potential to affect the project are
changes in temperature, sea and inland water levels, precipitation, storminess, ocean acidity, and
ocean circulation. Air temperatures in the Houston-Galveston mean statistical area, on average,
increased about 1 degree Centigrade over the past 20 years, a pattern that is expected to continue.
Sea surface temperatures have risen and are expected to rise at a faster rate over the next few
decades. Global average sea level is rising and has been doing so for more than 100 years. Greater
rates of sea-level rise are expected in the future (Parris 2012). Higher sea levels cause more coastal
erosion, changes in sediment transport and tidal flows, more frequent flooding from higher storm
surges, and saltwater intrusion into aquifers and estuaries.

Patterns of precipitation change are affecting coastal areas in complex ways. The Texas coast saw
a 10 to 15 percent increase in annual precipitation between 1991 and 2012 compared to the 1901-
1960 average, Figure 1. Texas coastal areas are predicted to experience heavier runoff from inland
areas, with the already observed trend toward more intense rainfall events continuing to increase
the risk of extreme runoff, flooding, and possibly creating safety issues.
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Figure 1: Percent Change in Annual Precipitation for 1991-2012 Compared to 1901-1960
(adapted from Peterson et al. 2013)



Texas’ Gulf Coast historically averages three tropical storms or hurricanes every four years (annual
probability of 75%), generating coastal storm surges and sometimes bringing heavy rainfall and
damaging winds hundreds of miles inland. The estimated rise in sea level will result in an effective
increase in storm surge along the Texas Gulf coast and miles inland. Tropical storms have
increased in intensity in the last few decades. Future projections suggest increases in hurricane
rainfall and intensity (with a greater number of the strongest - Category 4 and 5 - hurricanes)
(Melillo 2014).

As the concentration of carbon dioxide in the atmosphere increases, the oceans will continue to
absorb COa», resulting in increased ocean acidification. This threatens coral reefs and shellfish
(Hoegh-Guldberg 2007). Coastal fisheries are also affected by rising water temperatures and
climate-related changes in oceanic circulation. Wetlands and other coastal habitats are threatened
by sea-level change, especially in areas of limited sediment supply or where barriers prevent
onshore migration. The combined effects of saltwater intrusion, reduced precipitation, and
increased evapotranspiration will elevate soil salinities and lead to an increase in salt-tolerant
vegetation (Craft 2009). For additional information, reference the Environmental section of the
FIFR-EIS. None of these changes operate in isolation. The combined effects of climate changes
with other human-induced stresses make predicting the effects of climate change on coastal
systems challenging. However, it is certain that these factors will create increasing hazards to the
Texas coast. Heavily industrialized cities and ports containing critical infrastructure along the
Texas coast, including Freeport, Port Arthur, Galveston, Corpus Christi, Matagorda, Brazos Island
Harbor, Houston, Port Orange, and additional areas will be adversely affected by climate change.

The projected change in sea level will result in the potential for greater damage from storm surge
along the Texas coast. About a third of the GDP for the state of Texas is generated in coastal
counties. Coastal areas in Alabama, Mississippi, Louisiana, and Texas already face losses that
annually average $14 billion from hurricane winds, land subsidence, and sea-level change.
According to a recent study, projected sea-level change increases average annual losses from
hurricanes and other coastal storms (Building 2010).

Diminishing water supplies and rapid population growth are critical issues in Texas. Along the
coast, climate change-related saltwater intrusion into aquifers and estuaries poses a serious risk to
local populations. In 2011, many locations in Texas experienced more than 100 days over 100°F,
as the state set high temperature records. Rates of water loss were double the long-term average,
depleting water resources. This contributed to more than $10 billion in direct losses to agriculture
alone (Melillo 2014). Typically, many of the water shortages occur in the drier west parts of Texas.

The agricultural economy along the Texas coast, including livestock, rice, cotton, and citrus
cultivation, is threatened by the combination of salt or brackish water from sea-level change and
reduced freshwater levels from changes in temperature and precipitation. Coastal ecosystems are
particularly vulnerable to climate change because many have already been dramatically altered by
human interventions creating additional stresses. Climate change will result in further reduction
or loss of functions these ecosystems provide.

Successful adaptation of human and natural systems to climate change will require commitment
to addressing these challenges. Regional-scale planning and local-to-regional implementation will
prove beneficial. Finding a way to mainstream climate planning into existing processes will save



time and money. It is important that information be continually shared among decision-makers to
facilitate the alignment of goals.
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Figure 2: Change in 30-year mean annual precipitation, measured in centimeters per year

(cm/year). The median difference between 1971-2000 and 2041-2070 is based on 112

projections obtained from “Statistically Downscaled WCRP CMIP3 Climate Projections”

(http://gdo-dcp.ucllnl.org/downscaled _cmip3_ projections).



T [ T T T T [ T T T T [ T T T T [ T T T1
500 — Observational Record Future Projections

2 400 (—
L
- [
=
S 300 [—
= -
=
Z 200 (—
EDj - Observations from Satellite Altimetry
Z 100 — _
T
2 — Range of Variations .
w 0 from a Smoothed Curve I Uncertainty —
& |
- I -
ﬁ I
W -100 | —
I E—
[
-200 — I —
AN N A M I NN N I T N N N N A A MO Y B
1900 1950 2000 2050 2100
YEAR

Figure 3: Global mean sea level (GMSL) observed since 1870 and projected for the future
(deviation from the 1980—1999 mean). [For illustrative purposes only, from U.S. Army Corps
of Engineers (2008); Intergovernmental Panel on Climate Change (2007, FAQ 5.1, fig. 1).]
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3.2 Sea Level Rise

Report on Sea-Level Rise Effects
on the Houston Ship Channel’s Deepening and Widening Project
General guidance by Galveston District’s Hydrology and Hydraulics Branch

ABSTRACT

This report summarizes guidance for incorporating sea-level rise (SLR) into a navigation project.
Specific SLR projections have been included for Houston Ship Channel.

“Present Condition” sea levels for the Bay relative to Local Mean Sea Level (LMSL) are 0.44 ft
in 2013 (the end year for USACE sea-level analysis), 0.52 ft in 2017 (the year of economic
modeling for this project), and 0.65 ft in 2023 (the anticipated project construction year). (Levels
are relative to 1992 Zero.)

Projected sea-level rise has been computed for project durations of 25-year, 50-year, and 100-year
timeframes. As a conservative approach, USACE’s Low Sea-Level Curve should be used for this
navigation project (since it provides deeper water and less dredging than other curves).

When considering channel depths (for dredging computations), both sea-level rise and subsidence
are relevant. (Subsidence is more than twice the sea-level rise rate.) Under this scenario the 50-
year design life channel depth will increase an additional 1.70 feet above the 2023 level. The 100-
year planning life channel depth will rise 2.75 feet above the 2023 level.



Conversely, SLC effects on the non-federal sponsor’s infrastructure will largely be detrimental.
They should carefully consider which sea-level to plan for, and more importantly, what their
adaptation measures should be (Table 11).

Some deleterious effects due to sea-level rise may also occur within the federal project, such as:

Increased erosion at islands

Increased ship wakes in barge lanes and mooring areas

Increased wind waves, especially in shallow areas (but not in the main channel)

Changes in water chemistry (salinity, dissolved oxygen)
For the first three items in the list above, some simple spreadsheet calculations can be performed
to indicate a level-of-concern. For all four categories, the numerical model and ship simulation
runs should help quantify the effects. One decision the team will have to make is which scenarios
are to be run in the model and in the simulations. There are not likely to be sufficient funds to run
all possible combinations of: Low, Intermediate, and High SLR; their effects on multiple ship
sizes; and runs both with and without project.

The primary federal structures for HSC are the entrance jetties. Therefore in the numerical model
runs and in the with-project ship simulations, it will be important to study the effects of “with sea-
level rise” on the jettied entrance.

1.0 Summary of Official Guidance on Sea-Level Change

General guidance for “Incorporating Sea-Level Change in Civil Works Programs™ is given in the
3-pages plus appendices of ER 1100-2-8162. General concepts and analyses are expected to be
applied to “every coastal activity as far inland as the extent of estimated tidal influence”, which
describes the Houston Ship Channel.

Relevant characteristics of the analyses may be summarized as:

e Consider SLR effects on the designs over the project life cycle (SLR analysis performed
for both 50 years and 100 years from project construction completion year).

e Evaluate effects on the project for the three USACE sea-level curves: Low, Intermediate,
and High. A sea-level calculator is at http://www.corpsclimate.us/ccaceslcurves.cfim

e Analyze effects for “With Project” and “Without Project”.

e Evaluate how sensitive the alternatives and the selected design are to the different SLRs.
e List and describe the Risks due to SLR, estimate uncertainties, and plan measures to adapt
to the rise: “decisions allowing for adaption based on evidence as the future unfolds.”

e Sea level curve “selection should be tailored to each situation.” However, guidance for
navigation projects is to generally use the Low SLC, since it is the conservative choice
(results in the least improvement to channel depth). (ref: Climate-Change CoP Subject
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Matter Expert, Patrick O’Brien, briefing to SWG H&H Branch on 10/21/2016)
2.0  Relative Sea-Level Change

This report uses current USACE guidance to assess relative sea-level change (RSLC). Current
USACE guidance (ER 1100-2-8162, December 2013, and ETL 1100-2-1, June 2014) specify the
procedures for incorporating climate change and RSLC into planning studies and engineering
design projects. Projects must consider alternatives that are formulated and evaluated for the entire
range of possible future rates of RSLC for both existing and proposed projects. USACE guidance

specifies evaluating alternatives using “low,” “intermediate,” and “high” rates of future sea level
change.

e Low - Use the historic rate of local mean sea-level change as the “low” rate. The guidance
further states that historic rates of sea-level change are best determined by local tide records
(preferably with at least a 40-year data record).

e Intermediate - Estimate the “intermediate” rate of local mean sea-level change using the
modified NRC Curve 1. It is corrected for the local rate of vertical land movement.

e High - Estimate the “high” rate of local mean sea-level change using the modified NRC
Curve III. It is corrected for the local rate of vertical land movement.

USACE (ETL 1100-2-1, 2014) recommends an expansive approach to considering and
incorporating RSLC into civil works projects. It is important to understand the difference between
the period of analysis (POA) and planning horizon. Initially, USACE projects are justified over a
period of analysis, typically 50 years. However, USACE projects can remain in service much
longer than the POA. The climate for which the project was designed can change over the full
lifetime of a project to the extent that stability, maintenance, and operations 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. Current guidance considers both
short- and long-term planning horizons and helps to better quantify RSLC. RSLC must be
included in plan formulation and the economic analysis, along with USACE expectations of
climate change and RSLC, and their impacts. Some key expectations include:

e Atminimum 25-, 50-, and 100-year planning horizons should be considered in the analysis.
(ETL 1100-2-1, p. C-3)

e A thorough physical understanding of the project area and purpose is required to effectively
assess the project’s sensitivity to RSLC.



e Identification of thresholds by the project delivery team and tipping points within the
impacted project area will inform both the selection of anticipatory/adaptive/reactive
options and the timing strategies.

e Rather than attempt to predict climate change, it is more important to “provide a method
to address uncertainty, describing a sequence of decisions allowing for adaptation based
on evidence as the future unfolds.” (ER 1100-2-8162)

3.0 Historic RSLC for Galveston Bay

Historic rates are taken from the Center for Operational Oceanographic Products and Services
(CO-OPS) at NOAA, which has been measuring sea level for over 150 years. Guidance is that
changes in MSL should be computed using gages with a minimum 40-year span of observations.
The Bay-side gage relied on for this project is the Pier 21 tide gage with 106 years of recording.
These measurements have been averaged by month to eliminate the effect of higher frequency
phenomena such as storm surge, in order to compute an accurate linear sea-level trend.

The MSL trends presented are local relative trends as opposed to the global (eustatic) sea-level
trend. Tide gauge measurements are made with respect to a local fixed reference level on land;
therefore, if there is some long-term vertical land motion occurring at that location, the relative
MSL trend measured there is a combination of the global sea-level rate and the local vertical land
motion, also known as RSLC.

Galveston Bay has the following active gages. All but the two current-meter stations have both
water-level and meteorological data. Three of the gages are well away from the navigation
channel:

e Rollover Pass (the easternmost gage)

e Galveston Railroad Bridge (TCOON’s gage at Tiki Island), shown at bottom left
The remaining 8 gages, starting at the jetties and working up the Channel,

e (Galveston Bay Entrance, North Jetty

e Galveston Bay Entrance Channel LB 11 (currents only)

e (Galveston Pier 21 (the ONLY gage with sea-level computations)

e FEagle Point

e Morgan’s Point

e Fred Hartman Bridge, HSC (currents only)

e Lynchburg Landing (TCOON)

e Manchester (TCOON)



These 10 gages are shown on the following map, with the two current-meter gages shown in light
blue and the water-level/meteorological gages in red-and-yellow circles.
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Map 1: Active gages in Galveston Bay from https://www.tidesandcurrents.noaa.gov/map/

3.1 Galveston Bay Side (Pier 21)

The longest-running (106 years) tide gage in Galveston Bay is at Pier 21 in Galveston and is still
active (unlike the Gulf side gage at Galveston Pleasure Pier). Therefore this gage will be used for
all sea-level computations for this HSC Project, since it is the only Bay gage with those
computations. The USACE calculation for NOAA gage 8771450’°s (Galveston Pier 21 computed
from 1908 to 2013) has a mean sea-level trend of 6.39 mm/yr with a 95% confidence interval of +
0.24 mm/yr. (The NOAA site shows 6.37 mm/yr, whereas the Corps site shows 6.39 mm/yr,
presumably because the NOAA data are computed through 2015, whereas the Corps data are
through 2013.) If the estimated historic eustatic rate equals that given for the modified NRC
curves, the observed subsidence rate would be 4.69 mm/yr (6.39 mm/yr - 1.70 mm/yr), but that
subsidence is decelerating at the rate of (6.39mm/yr — 6.37mm/yr)/2yrs = 0.01 mm/yr’>. However,
this deceleration is based on only a two-year period of difference in computations and may not be
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reliable long term. Whether to include decelerating subsidence in final sea levels for the project
will be determined in final design phase after more recent sea-level data accumulate.

3.2 HSC “Project Present Condition”

Numerical modeling must use the best available data. Unfortunately, these are a combination from
datasets and previous model runs in three different years: 2005, 2010, and 2011.

The present conditions for the project, for purposes of modeling (ship simulations) are as follows,
from the Pier 21 gage, as computed from the USACE sea-level calculator, all referenced to Local

Mean Sea Level (LMSL):

Still Water

Elevation
Year (ft MSL) Event
1992 0.00 NOAA-defined start point (midpoint of tidal epoch)
2013 0.44 Measured data used by calculator ends at 8/01/2013.
2017 0.52 Year of numerical and economics modeling in this Study
2023 0.65 Anticipated project construction
2073 1.70 End of project 50-year “lifetime”
2123 275 End of 100-year planning period

The first half of the following table may be used for conversion between datums.
The second half shows Extreme Water Levels (EWLs) in construction year 2023 by return period.
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COASTAL GAGES

The following gages on the open coast are listed for comparison purposes. The conclusions are:
e On the open coast sea-level rise is faster than in the Bay (6.84 mm/yr vs. 6.39 mm/yr).
e Sea-level rise at Galveston’s coast (6.84 mm/yr) is faster than either southwest at Freeport
(4.35 mm/yr) or northeast of Galveston at Sabine (5.66 mm/yr).
e A comparison of USACE sea-level rise rates and NOAA rates, based on the same data set,
but over different periods of years, suggests that subsidence is decelerating in Galveston,
at a rate of 0.01 mm/yr?.

3.3  Galveston Gulf Side (Pleasure Pier)

The tide gage with sea level trend information nearest to the Galveston coast region, with over 40
years of record, is at the Galveston Pleasure Pier, which is on the Gulf of Mexico coast side of
Galveston Island (NOAA Gage #8771510). The NOAA MSL trend (from the Corps’ calculator)
at this site (from 1957 to 2008) is equal to 6.84 mm/yr with a 95 percent confidence interval of &
0.74 mm/yr. If the estimated historic eustatic rate equals that given for the modified NRC curves,
the observed subsidence rate would be 5.14 mm/yr (6.84 mm/yr - 1.70 mm/yr).

3.4  Sabine Pass (Upcoast or NE of Galveston)

USACE calculations from NOAA gage #8770570, near the junction of the Sabine River and the
Gulf of Mexico, show a sea-level rise of 5.66 = 0.79 mm/yr computed over 57 years (1958 to
2014). If the estimated historic eustatic rate equals that given for the modified NRC curves, the
observed subsidence rate would be 3.96 mm/yr (5.66 mm/yr - 1.70 mm/yr).

3.5 Freeport (Downcoast or SW of Galveston)

The tide gage with sea level trend information nearest to the Brazos River system, with over 40
years of record, is located at Freeport, TX Island (NOAA Gage 8772447). The NOAA MSL trend
(from the Corps’ calculator) at this site (from 1954 to 2014) is equal to 4.35 mm/yr with a 95
percent confidence interval of + 1.12 mm/yr. If the estimated historic eustatic rate equals that
given for the modified NRC curves, the observed subsidence rate would be 2.65 mm/yr (4.35
mm/yr - 1.70 mm/yr).

4.0 Predicted Future SLR

The Pier 21 tide gage will be used to compute sea level rise for this project, since it is the only one
in Galveston Bay with reported sea-level trends, and also has the longest record. In addition to the
project design period of 50 years and the project planning period of 100 years, the 25-year period
will be calculated, per ETL 1100-2-1, p. C-3.
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4.1 Predicted Future Rates of RSLC for 25-Year Period of Analysis

The computed future rates of RSLC in this section give the predicted change between the years
2023 (estimated project start date) and 2048 for Galveston Bay. RSLC values for this 25-year
period are summarized in Figure 1. For comparison, both NOAA and ACE curves are shown (for
this first example only). The rate that will be used in this navigation project is the ACE and NOAA
low curve, which are identical since they use the same historic rate. However, the computed
elevations from the two calculators differ slightly, since the periods of analysis differ by two years.
All curve plots and data tables in this report use the USACE analysis of the NOAA Pier 21 tide
gage.
Galveston Bayside

8771450, Galvaston Pier 21, TX
NOAA's Published Rate: 0.02036 feetiyr

Relative Sea Level Change Projections - Gauge: 8771450, Galveston Pier
21, TX (05/01/2014)

3 —— USACE/NOAA
Low Rate

— USACE Int, NOAA
Int Low

—— NOQAA Int High
Rate

— USACE High Rate
— NOAA High Rate

RSLC in feet (LMSL)
- o o

2025 2030 2039 2040 2045

Year

Figure 1: Estimated SLR over the First 25 Years of the Project Life (2023 - 2048)
from both NOAA and Corps of Engineers Curves (Levels are relative to 1992 Zero.)



Table 1: Estimated SLR over the First 25 Years of the Project Life (2023 - 2048)
(Levels are relative to 1992 Zero.)

Galveston Bayside
8771450, Galveston Pier 21, TX
MOAA's Published Rate: 0.02096 feet/yr
All values are expressed in feat relative to LMSL

Year USACE Low  USACE Int NOAA USACE NOAA

NOAA Low NOAA Int Low Int High High High
2023 0.65 0.74 0.93 1.01 1.14
2025 0.69 0.79 1.00 1.10 125
2030 0.80 0.93 121 1.33 153
2035 0.90 1.07 143 1.59 1.85
2040 1.01 121 167 1.86 218
2045 1.1 1.36 191 215 255

2048 147 1.45 207 2.34 2786

For ease of comparison with the 50-year and 100-year periods of analysis, the data from the ACE
curves only are plotted here in Figure 2 and listed in Table 2.
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RSLC in feet (LMSL)

Houston Ship Channel Expansion
8771450, Galveston Pier 21, TX
NOAA's Published Rate: 0.02096 feet/yr

Relative Sea Level Change Projections - Gauge: 8771450, Galveston Pier
21, TX (05/01/2014)
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Figure 2: Estimated SLR over the First 25 Years of the Project Life (2023 - 2048)

Corps of Engineers Curves Only

Table 2. SLR for the 25-Year Period of Analysis (Levels are relative to 1992 Zero.)

Houston Ship Channel Expansion
8771450, Galveston Pier 21, TX
MOAA's Published Rate: 0.02096 feetfyr
All values are expressed in feet relative to LIMSL

USACE USACE USACE

Low Int High
2023 0.65 D.74 1.01
2025 0.69 0.79 1.10

Year

2030 0.80 0.93 1.33
2035 0.90 1.07 1.59
2040 1.01 1.21 1.86
2045 1.1 1.36 215
2048 1.17 1.45 234
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4.2 Predicted Future Rates of RSLC for 50-Year (Project Design)

Period of Analysis

The computed future rates of RSLC given here assume a 50-year period of analysis, and give the
predicted change between the years 2023 and 2073 for Galveston Bay. Relative sea level change
values for the 50-year period are shown in Figure 3 and Table 3.

Houston Ship Channel Expansion
8771450, Galveston Pier 21, TX
NOAA's Published Rate: 0.02096 feet/yr

Relative Sea Level Change Projections - Gauge: 8771450, Galveston Pier
21, TX (05/01/2014)

ha
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— USACE Int
— USACE High

RSLC in feet (LMSL)

=
tn

2023 2030 2035 2040 2045 2050 2055 2080 2065 2070

Year

Figure 3: Estimated SLR over the First 50 Years of the Project Life (2023 - 2073)
Corps of Engineers Curves Only (Levels are relative to 1992 Zero.)



Table 3. SLR for the 50-Year Period of Analysis
(Levels are relative to 1992 Zero.)

Houston Ship Channel Expansion
8771450, Galveston Pier 21, TX
MOAA's Published Rate: 0.02096 feet/yr
All values are expressed in feet relative to LMSL

USACE USACE USACE

Low Int High
2023 0.65 0.74 1.01
2025 0.69 0.79 1.10

Year

2030 0.80 0.93 1.33
2035 0.90 1.07 1.59
2040 1.01 1.21 1.88
2045 1.11 1.36 215
2050 1.22 152 246
2055 1.32 1.67 279
2060 1.43 1.84 314
2065 1.52 2.00 351
2070 1.64 2.18 3.89
2073 1.70 2.28 413
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4.3 Predicted Future Rates of RSLC — 100-year Sea-Level Change

(Planning Period)

The planning, design, and construction of a large water project can take decades. Though initially
justified over a 50-year economic period of analysis, USACE projects often remain in service
much longer. The climate for which the project was designed can change over the full lifetime of
the project to the extent that stability, maintenance, and operations may be affected. These changes
can cause detrimental or 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 ETL-1110-2-1.

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. However, the
potential impacts of SLC over a 100-year period can be used in the formulation of alternatives and
for robustness and resiliency comparisons. ETL 1100-2-1 recommends that 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 process.

The initial assessment that evaluates the exposure and vulnerability of the project area over the
100-year planning horizon was used to assist planners and engineers in determining the long-term
approach that best balances risks for the project. The three (3) general approaches are anticipatory,
adaptive, and reactive strategies. These strategies can be combined, or they can change over the
life cycle of the project. Key factors in determining the approach include consequences, the cost,
and risk. This consideration is particularly important under a climate-change condition, where
loading and response mechanisms are likely to transition over the life of the project. Projected
sea-level curves and levels are shown here in Figure 4 and Table 4.
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10

RSLC in feet (LMSL)

Figure 4:

Galveston Bayside
8771450, Galveston Pier 21, TX
NOAA's Published Rate: 0.02096 feet/yr

Relative Sea Level Change Projections - Gauge: 8771450, Galveston Pier

21, TX (05/01/2014)

2030 2040 2050 2060 2070

Year

2080 2090 2100

2110 2120

— USACE Low
— USACE Int
—— USACE High

Estimated SLR over the First 100 Years of the Project Life (2023 - 2123)
Corps of Engineers Curves Only (Levels are relative to 1992 Zero.)
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Table 4. SLR for the 100-Year Period of Analysis
(Levels are relative to 1992 Zero.)

(Galveston Bayside
2771450, Galveston Pier 21, TX
MOAA's Published Rate: 0.02096 feetfyr
All values are expressed in fest relative to LMSL

USACE USACE USACE

o G ok

2023 065 074 101
2025 069 079 110
2030 080 093 133
2035 090 107 159
2040 101 1.21 1.86
2045 111 136 215
2050 122 152 246
2055 132 167 279
2060 143 184 314
2065 163 200 351
2070 164 218  3.89
2075 174 235 429
2080 185 253 472
2085 195 272 516
2090 206 291 562
2095 216 310  6.09
2100 226 330 659
2105 237 350 710
2110 247 371 764
2115 258 392 819
2120 268 414 876
2123 275 427 911

5.0 Planning for Sea-Level Rise

Note that during the project’s planning period (near the Year 2088), sea level has risen about 2
feet. (NOAA’s inundation plotter will only plot integral numbers of feet of inundation. The 2 ft
level happens to occur in year 2088 for this site.) NOAA’s “Sea Level Rise and Coastal Flooding
Impacts Viewer” can be used to view the inundation occurring in whole numbers of feet. As seen
below in Map 2, it is apparent that much of the land around the East Bay and Trinity Bay is low-
lying and therefore inundated.
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Sea Level Rise and Coastal Flooding Impacts

Streets Download Share Map

§  Zoom to: State or Territory -

W ( =

&K

Map 2: Extent of Inundation (light blue) with 2-foot Rise (in year 2088)
Shown in bright green are low-lying areas that are occasionally inundated even before the
project start.
6.0  Subsidence

Land subsidence in the past has been much higher than in surrounding areas, as shown in Map 3.
The main reason is thought to be groundwater extraction, and as a result the Harris-Galveston
Subsidence District (HGSD) was formed to monitor and regulate further extraction. As supporting
groundwater is removed, sediments compact. There is subsidence of at least a foot throughout this
project’s study area. Subsidence has ranged to over 10 feet, and the largest values seem to follow
the Houston Ship Channel, from the Turning Basin to the Fred Hartman Bridge (or something
similar).

Since the Houston Ship Channel Deepening and Widening Project will occur in the future and uses
topography that has already been subjected to this historical subsidence, of more concern to this
project is future subsidence. Based on HGSD’s planned amounts of future extraction, they have
modeled expected future subsidence, plotted here as Map 4. Significantly high values of 0.5 to
1.0 foot are only anticipated significantly far from the Houston Ship Channel. For the channel
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itself, the effect will be largely beneficial, by deepening the channel. Of more concern are effects
on docks and other support facilities.

SUBSIDENCE
1906 -2000

UATA'SOURCE: NATIOHNAL GECDETIC SURYVEY
OMTOUR INTERPRETATIONS: HGSD

3
<

Map contoured in 1 Foot Intervals

Map 3: Past Subsidence in Galveston and Harris Counties
(from GCCPRD Phase 2 Report, 02/23/2016)
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Legend

2010 - 2050

— Sgbsidance (C1 0.5 1)

FINAL
SCENARIO ,»"  SUBSIDENCE

Map 4: Anticipated Future Subsidence in Galveston and Harris Counties
(from GCCPRD Phase 2 Report, 02/23/2016)
The river in the lower part of the figure (where subsidence can exceed 1.5 ft) is Clear

Creek. The river in the upper portion is Houston Ship Channel (where subsidence is
between 0.5 and 1 ft).

7.0  SLR Guidance Specific to Navigation Projects (ETL 1100-2-1’s Appendix C)

Appendix C of the ETL “Procedures to Evaluate Sea Level Change: Impacts, Responses, and
Adaptation” is titled “Navigation Projects” and specifically addresses only those. The general
conclusion about sea-level rise effects on navigation projects is that it is a benefit to the project
itself (providing deeper channel water), but is a potential threat or cost to related infrastructure.
For federal projects, it is important to know which mitigations or adaptations can be made with
federal funds and which cannot. Table 5 below provides general guidance on these two categories.

The primary federal structure for HSC is the entrance jetties. Therefore in the numerical
model runs and in the with-project ship simulations, it will be important to study the “with sea-
level rise” runs effects on the jettied entrance.
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Deleterious effects on the navigation channel itself can occur however, and three of those areas
are listed in the bottom left corner of Table 5. Physically the effect is primarily due to higher
waves being able to form and propagate in the deeper channel. Since the deepening planned for
HSC will be a relatively small portion of the entire depth, it is expected that this will have little
effect and thus not become a risk that the project need address. A clearer quantitative answer to
this question should be available when comparing the numerical-model and ship-simulation runs
between the “no rise” and “sea-level rise” scenarios.

Table 5: Federal and non-Federal navigation project features at risk from sea-level change
(from ETL 1100-2-1 Table C-1)

Federal Non-Federal
Stmctures Waterside
Locks Berthing areas
Brealowaters Docks
Jetties Wharfs
Groins Bulkheads
Fevetments Seawalls
Wave absorbers Dolphins
Disposal areas
Channels Landside
Entrance channels Storage areas
Access channels Warehonzses
Turning basins Eoads
LUltilities
Bridges

Table 6 below lists the various physical processes that sea-level rise can affect in navigation
projects. The impacts (on the right side of the Table) that are most likely to affect specifically
Houston Ship Channel are:
1. Increased ship-wake impacts
Vessel excursion and movement
Adjacent shoreline change (due to increased propagation of ship wakes)
Less dredging needed to maintain the same depth (a benefit)
Dredged material placement site capacity

ol S

The first three of these should be addressed by the numerical model and ship simulations. The last
two should be quantifiable with simpler spreadsheet computations, once this report’s sea-level
numbers have been agreed to by the team.
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Table 6: Physical Processes Sensitive to Sea-Level Rise in Navigation Projects

(from ETL 1100-2-1 Table C-3)

Process

Impact

Wave attack

Wave rmun-up and overtopping
Wave transformation
Depth-limited wave Wave
and storm surge
Fubblemound danmage rate
Increased ship wake impacts

Inuendation

Wave mun-up and overtopping
Wave and storm surge

Short- and long-term erosion

Wave run-up and overtopping

Depth-limited wave

Wave and storm surge

Shoreline change rates (storm event, seasonal. long term)

Inland waterways and drainage Canal and drainage system profiles
hydraulics

Harbor, basin, and channel Harbor rescnance
hydrodynamics Vessel excursion and movement

Wave transmission (diffraction. overtopping. permeability)
Water quality circulation characteristics

Morphological change and shoaling

Foundation scour

Adjacent shoreline change

Disposal site dispersiveness

Sediment transport and depesition (subagquecus and subaerial)
Subsidence and uplift

Water quality changes (swface and
ground)

Salinity
Circulation
Mixing of ocean, estarine, and river water

Manapement practices

Catchment management

Dredging

Dyedzed material placement site capacity
Groundwater or fluid withdrawal
Shoreline stabilization measures

Table 7 below is a qualitative matrix for evaluating the level of risk of sea-level rise to a navigation
project. The numerical scores on the left indicate the relative importance of density of each
resource in a navigation project. The scores on the right indicate how at-risk that resource is to
sea-level rise. Note that the two scores are different. For example, channel dimensions (length,
depth, mooring areas) are of high importance or density in the project, but are expected to suffer
little impact from sea-level rise. Note that the non-federal port facilities (wharves, docks, etc.)
have both a high density and may be at high-risk from sea-level rise. Unfortunately for the local
sponsor, sea-level rise scenarios may have much more impact on port facilities than on federal
channel dimensions.
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Table 7: Qualitative Matrix for Determining Risk Level

(from ETL 1100-2-1 Table C-4)

Crirical resources in Density of Risk from
study area resource” Relevant notes SLC+*
Length and type of 3 The length and type of navigation structure will 3
primary Federal determine stability and maintenance impacts
navigation structures (age, last maintained).
Length and type of 2 The length and type of navigation structure will 2
secondary Federal determine stability and maintenance impacts
navigation structuges (age, last maintained).
{groins, spur jetties,
dikes, etc.)
Length and type of 1 The length and type of shoreline protection 2
Federal shoreline structure will determine stability and
protection stuctures maintenance impacts (age, last maintained).
Channel length and 3 Sea level rise may impact this favorably; sea 1
authorized depth, level fall may require adjustments to authorized
mooring areas and basins lengths and depths. Harbor and entrance
resonance and performance issues may arise
{length area).
Dredged material 1 Sttes may become more or less dispersive 1
management sites and'or have changes in capacity (number, area).
Pert facilities (bulkheads, 3 Performance of existing Federal structures 3
wharves, docks, piers, under modified ocean conditions will result in
etc.) increased magnitude and frequency of impacts
to associated project features (length, type,
seasons of use).
Commercial 3 Performance of existing Federal structires 2
infrastructure under modified ocean conditions will result in
increased magnitude and frequency of impacts
to associated project features (type, value).
Transportation 2 Impacts to transportation infrastructure can 2
infrastrocture (roads, ral. impact benefits realized (length type).
etc.)
Utilities, drainage 2 Connectivity and support systems may be 2
systems, commmmnication affected resulting in decreased project benefits
(length. type).
Coast Guard presence 2 Potential operational impacts. Harbor of 2
refuge?
Environmental and 1 Assessment of any environmental systems in 1

habitat areas

project area (type, sensitivity).

*3 =high ? =medinm 1 =low, X = none present.
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7.1  Physical Processes at Navigation Projects affected by Sea-Level Rise
(ETL 1100-2-1’s Tables 6 and 8)

In deciding which processes should be evaluated for their effects on the project, due to sea-level
rise, the following Table 8 provides a checklist to apply to specific projects. Note that the only
doubly important marking is for “depth-limited waves”, which means that wave heights can be
expected to increase.

Within the main channel, the depth increase caused by sea-level rise will be small compared to the
total depth, so this effect will be small. However, this is NOT the case with barge lanes and
mooring basins, where sea-level rise will be a much larger percentage of the total depth, and where
it 1s known that waves are “depth limited”. (For background information, wave heights are
determined by wind speed, but can be limited in three ways: depth, fetch length, and wind
duration. There is usually only one of these three factors which controls or “limits” the wave
height. In Galveston Bay, waves are usually depth limited.)
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Table 8: Physical Processes Affected by Sea-Level Rise in Navigation Projects
(from ETL 1100-2-1’s Table 6)

All Processes Mavwigation
YWave Attack
wave runup and overtopping X
wave transformation X
depth-limited wawe X
surge X
rubblemound damage rate X
ship wake impacis X
Inundation
wiave runup and overtopping x
wave and storm surge X
taihaater effects
hydrologic regime
Short- and Long-Term Erosicn
wave runup and overtopping X
depth-limited wave X
wave and storm surge X
shoreline change rates (stommn event, seasonal, ¥
longterm}
Inland Waterways/Drainage Hydraulics
seasonal and extreme backwater profiles
canal'drainage system profiles X
groundwater fiow characteristics
Harbor, Basin, Channel Hydrodynamics
harbor resonance X
vessel excursion and movement X
wawe transmission (diffraction, overtopping, "
pemeabilty)
water guality circulation characteristics X
Morpholegical Change and Shoaling
foundation scour X
adjacent shoreline change X
disposal site dispersiveness X
sediment transport and deposition (subagueous and %
subaerial)
subsidencaluplift X
Water Guality Changes (surface and ground)
salinity X
nutrients and dissobsed oxygen
circulation X
mixing of ocean'estuarne/river water X
Management Practices
catchment management X
dredging and material placement x
groundwater or fluid withdrawal X
beach nourshment X
shoreline stabilization measures X

To quantify the effect of sea-level rise on depth-limited wave heights and other factors, Table 9
below provides a useful matrix of specific quantifiable effects. Most of the Table applies to
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structures. Except possibly at the jetties, the only significant relevance of this Table for this HSC
project is that wave height increases in depth-limited (shallow) areas. (The Table’s example shows
that the depth-limited wave height increases by the same amount as the sea-level rise, in this case

from 6 ft to 6.7 ft.)

Corresponding to three different values of sea-level rise, percentage changes are computed for
various forces used to compute damaging effects such as wave attack, armor-unit stability,

morphology change, and wave run-up on structures and shores.

Table 9: Quantified Changes in Loading Conditions due to Sea-Level Rise

(From ETL 1100-2-1’s Table 8)

Physical Process or Loading Condition

Performance Function

Potential Sea Level Rize (SLR), fit

at 2 archore location where cast in ferms of Low Valee |Infermediste Valoe | Hish Valoe
PRESENT Wave action & depth-Emited SLR-affected parameters 0.7 11 24
Depth-Limited Wave Height (H, ;) doe to SLE, ft
Present Depth-Limited Wave Height (), ft = @ Hiw ~= H = SLR 67 | 71 | 54
Presert Warer Depth @ Stracture (Depth,), = 10 Depth, , =Depth, +5LE.  |Belative Change in Performamce Function doe to SLE
Comventional Structure Stability (rigid)
Wase Loading - Dymamic Prasare Minikir £(H) 12% 2% 0%
Wawve Loading - Total Dymanic Farce Minkin: £(H, Depd) 3% 45% 119%
Compliant Stroctores {Armor Unit Stability)
Diect Wave Action (aremor it weigh) Hiadson Eqmtiesr £(H) 0% 6% 4%
Chetoppiz (wave action) - Volame LBACE: f(H ", exp™) BE% 152% 2%
Chenopping Wave Action (ammor it weizhe) Var Gerr fp”, exp™) 56% 05% 150%%
Nearsbore and Struchore Fomdation Stability
Fereshere Slope (Thamm) Fanphoe: £H™) -5% B -15%
Sedimer Trmsport Poential {mophobey chanss) Hamphuis: £(H') 25% 405 6%
Wave Emrup,  Alone Shoreface
Fan-m Distnce EBACE: £(H) 12% 18% 407
Furm Spesd BACE: f(H9 &% 8 18%

Hote: The increase m coastal infrastructure loading or effects on the “performance fanction™ are shown in terms of
the mereass in nearshore wave height (H) due to sea level rize (SLE). For this case, the nearshore wave height (H)
15 depth-lhimated and an increase i water level of by SLE will mncrease the depth-hmoted wave height by a
carrespending A value. For “overtopping” and “lee-side armer™ performance functions, the following values were
used: Water level = 7.1 (2. 2m), incident wave height'period = 64t (1.8m)/12 =, structure crest elevaton= 10f (3m),
to elevation = -2 9ft (0.9m), structure slope = 1v:3h. All other performance functions were evaluated on a relafive
basis using the change in depth-limited wave height due to SLE. compared to the present condition (p). Eelatrve
change in performance fanchion = [[(future value — present value)/present value] = 100,

The numerical model and ship simulations that compare “with sea-level rise” to “without (or
present-day)” scenarios should provide quantitative results for estimating the project’s risk to sea-

level rise.
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7.2  SLR Risks and Adaptations for Navigation Projects
(ETL 1100-2-1’s Tables 1 and 7)

An essential element of developing a good understanding of the project area’s exposure and
vulnerability is assessing how quickly the individual scenarios might necessitate an action due to
thresholds and tipping points. It is important to identify key milestones in the project timeline
when impacts are expected. This involves inputs from all members of the PDT, since the threshold
or tipping point could be a variety of different items or combinations of items.

Response strategies for the project planning horizon range from a conservative anticipatory
approach, which constructs a resilient project at the beginning to last the entire life cycle (and
possibly beyond), to a reactive approach, which would simply be to do nothing until impacts are
experienced. Between these extremes is an adaptive management strategy, which incorporates
new assessments and actions throughout the project life based on timeframes, thresholds and
triggers. A plan may include multiple measures adaptable over a range of SLC conditions and
over the entire timeline, with different measures being executed as necessitated.

For a feasibility-level design, it is important to identify potential cost-risk items and adaptation
costs to the stakeholders and decision makers. Further detailed design and analysis may be
undertaken during the pre-construction engineering and design phase to optimize project features
sensitive to relative sea level change. In this phase, the question of further adaptability beyond the
50-year economic analysis period may be addressed as part of the design optimization. The
economic and cost formulation for the project should account for uncertainty in critical design
items.

Hard structures (rock or concrete) are difficult to alter to accommodate changing conditions, unless
they have been designed with that in mind from the beginning. Examples of the three types of
approaches are listed below in Table 10. Since this navigation project does not include
improvements to hard structures (in the federal part of the project), then it will be relatively easy
to design protections and solutions. In contrast, it is difficult to accommodate hard structures that
have not been designed from the beginning with adaptation in mind. For example, a dock that has
been designed from the beginning with the intention that it will eventually need to be jacked up is
much cheaper in the long-run than a dock that has to be torn down and rebuilt. So again, this
planning for an adaptive strategy will be much more important to the non-federal part of the
project.

31



Table 10: Adaptive Approaches to Navigation Projects
(From ETL 1100-2-1’s Table 1)

Project Type

Protect

Accommodate

Retreat

Navigation

Upgrade and strengthen existing
primary structures
Expand design footprint and cross
section of existing structures,
including raising for clearance and
access
Add secondary structures
Add structures 1o protect
backshore
Improve resilience of backshore
facilities

Upgrade drainage systems
Increase maintenance and
dredging
Adjust channel location and
dimensions
Modify operational windows
Flood proof interior
infrastructure
Add sediment to shoreline or
underwater morphology

Relocate imterior harbor
infrastructure due to
relative sea level rise or
fall
Abandon harbor/port
Re-purpose project area

In planning an adaptation strategy, Table 11 below provides a useful method of selecting the kind
of adaptation to use (P = Protect, A = Accommodate, R = Retreat) and also provides a list of
specific solutions to pick from. Both the kind of adaptation and specific solutions are shown in

the right-most column.

The two categories of sea-level effects in the left-most column that are more likely to affect this
project are “wetland loss” (federal) and “infrastructure damage” (non-federal). Therefore both the

entire team and the non-federal team should plan their adaptation strategies.
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Table 11: Systems Affected by Sea-Level Rise and Adaptation Approaches
(From ETL 1100-2-1’s Table 7)

catchment mens gement

System Effects Possible Inferacting Factors Possible Adaptation Approaches
Climmeate Non-Clima te
Fievemnents, seawalk, surge barmers (P-hard)
a. Coastal | Waves, storm climate | Sedment supply, fiood | Dume'beach comstmaction, vegetation (P-soff)
(foodns expsion, ramfall nmoff | maEnapement, eosion, Building codes, fiood-proof buldmes (A)
Fricreased directly from sediment supply, land reclamation, lamd Land-use plaming, hazard mapping, flood
B n 1 the sez) wetland loss mnd change IANAZETED wamine (AT)
TEqUENCY
Severity of Abandooment. re-parpose ()
Storm i Dikes, surge barmiers, closire dams (P-hard)
Immdstion | U Hmd | Catchment mamgement, o o sing codes, flood-proof baidings (A)
(floodng, due |Fanfall nmedf, wetland | land wse, mver and camnsl Ennid eyl Sl = finod
to tadhvatar loss and changs systemn dramaze system z v.'am:i:tg EA_RB;EF'PHE
effec logy
o S Abandooment re-parpose ()
C07 frtlizati Sedml!:l: 51ppl;._ﬂ Numshn::‘. 5361:51(11::%3:3!:
fex " s el . supply, reclamation (Le ﬂhacr 'LseJ;ami:g (AT
changs TEmton EP“;- | s
populstion chanmes Abandonmens. re-purpese (B)
Accelersted Erosion (of "soft” Sediment supply, Sediment supply, (uast:ﬂcm.' segwalls -.hni claim (P-hard)
morphalozy) wave'storm climate, B R Mowrkhment, vegetation (P-soff)
T 2 wetland loss mnd change 2 Bulding sethacks ()
: Coast defenses, seawalls, adpstmprove
Sediment supply, : : :
Infras Tuctre Demsge Wave stomm chmste. 5::“: “:m:z:‘ Emmﬂm’a h'i. djsl !"“Iﬁsmm £
wetland loss and change
Fumoff salwater Catchment mensgement
3. Swrface kg x o = Sak water mmeion bamiers (F)
waters Yo o] o ), Change water exraction (AR
g WaleT, femreTanre e
mmion
b, ,Imm ::“me Land use, aquifer use Freshwarer mjection (A
Gromdwates i tion (AR,
W o aiggen {over-pumping) Chsmze water exiraction (AR)
: . ! Drzmage systems | polders (P-hard)
ed drams water Land ifer
o) tahi ek Fuamfall nmof s e Chanee land nse (4)

Land-use plbommg | hazsrd delinestion (AF)

Exanple adaptation approaches are coded: P = Protect (Hard, Soff), A= Acconmodate, F. = Femeat
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8.0 Recommendations

As a conservative approach (not exaggerating benefits from sea-level rise), USACE’s Low Sea-
Level Curve should be used for the navigation portion of this project.

Including sea-level rise and subsidence in the project design will result in less dredging than
otherwise anticipated, since the channel depth is increasing due to both of these factors. At the
end of the 50-year project life, channel depth will have increased (since construction) by:

1.70 ft (in 2073) — 0.65 ft (in 2023) = 1.05 ft.

At the end of the 100-year planning period, channel depth will have increased (since construction)
by:  2.75 ft (in 2123) — 0.65 ft (in 2023) = 2.10 ft.

If sea level rises faster than the historic “Low” rate, then channel depth will increase even more.

Conversely, SLC effects on the non-federal sponsor’s infrastructure will largely be detrimental.
They should carefully consider which sea level to plan for, and more importantly, what their
adaptation measures should be (Table 11).

Some deleterious effects due to sea-level rise may also occur within the federal project. Many of
the general categories of effects listed in the Tables will not apply to this project, but most likely
there will be some deleterious effects in some of the following categories:

Increased erosion at islands

Increased ship wakes in barge lanes and mooring areas

Increased wind waves, especially in shallow areas (but not in the main channel)

Changes in water chemistry (salinity, dissolved oxygen)

For the first three items in the list above, some simple spreadsheet calculations can be performed
to indicate a level-of-concern. For all four categories, the numerical model and ship simulation
runs should help quantify the effects. One decision the team will have to make is which scenarios
are to be run in the model and in the simulations. There are not likely to be sufficient funds to run
all possible combinations of: Low, Intermediate, and High SLR; their effects on multiple ship
sizes; and runs both with and without project. The current plan is to make four runs: Present
Condition, Project TSP, Project Alternative, and Future with TSP.

The primary federal structures for HSC are the entrance jetties. Therefore in the numerical model

runs and in the with-project ship simulations, it will be important to study the effects of “with sea-
level rise” on the jettied entrance.
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