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PREFACE

This study was conducted [yhe Water Institute (the Institute) for the Coastmtection and Restoration

Authority of Louisiana (CPRA) as a part of the LomestMississippi River Management Program

(LMRMP). The report is a deliverable of the AModel F
Al ternative Management Strategieso subtask, or Ta
Pahl, and the overall LMRMP project lead for the Institute is Mike Mi@aristopher Esposito led the

subtaskand thewriting of the reporfor the Institute This reportdescribes the developmearid

applicationof a1-dimensional HEERAS numerical modebaseddecision analysis framewotk

evaluatemanagement strategifs improvingLowermost Mississippi Rivemanagemen
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EXECUTIVE SUMMARY

The Mississippi River is the backbonesofithL 0 u i s écasgste®, £conomy, and cultuteserves as
an economical delivery mechanisi whichsedimentanreach areathat arecritically in need ofand
building andis akey conduit for deep draft navigation tioe largest port complex in the United States,
sening more than 11,000 deep draft vessels and 450 million tons of cargo ea¢Heatdret al., 2018)
But it alsopresents potential flood risk to communities and infrastructure along its entire langih
occasionally vulnerablas asource of drinking water for the New Orleans Metropolitan Regi@hmuch
of southeastern Louisian@he LouisianaCoastal Protection and Restoration Authority (CPRA) has a
mission to achieve comprehensive coastal proteatighrestoratiofior the state of Louisian#n doing
sq it must engage witthe perspectives of a wide variety of stakeholders and decision matters
differing, and sometimes conflictininterestgegardingnhow the river should be managaad how risks
inherent to life near the river should be mitigated. The goal of the LoweMigsssippiRiver
ManagemenProgram(LMRMP) is to evaluate approaches to water and sediment management that yield
practical benefits across all interests.

This reportdescribesmplementation othe Lowermost Mississippi Rivé@ecision Analysis Framework
(LMR-DAF) decision analysiand modelingramework for evaluating aradjustingriver management
strategies for ecosystem, navigation, and flood management in the Lowermost MississipfhiNR)er
The LMR-DAF was designed tanalyzehigh-level management stratesg thatweredefinedthrough
collaborative discussions with CPRA and stakeholdarsg earlier phases of LMRM{®alyanderet

al., 2022) Theperformance oéachstrategywas then modeled under a wide range of possible
environmental forcings for the next 50 yetrsdentify bothvulnerabilities in the strategy arige
tradeoffsthatcould be madéo address thsevulnerabilities.This reportconsiderghree potential
strategiesa BusinessasUsual strategy thdteeps decisiomaking on the river similar to & of

Loui sianads Mast er P(CARA, 2023)asebofAlfetnatd Fow at @Id Riveer Co a st
Control Structure stratégsthat consider alterations to the flow split between the Mississippi and
Atchafalayarivers anda set of Alternate Navigation Channel Alignment strategies that consider
changing the location at which ship traffic enters thssMsippi River Ship Channel.

The LMR-DAF builds on efforts during previous phases of LMRMBtengagd stakeholders and

decision makers to identify potential river management strategies, specify desirable and undesirable
outcomes, and itemize the environmental conditions to which each strategy should be subjected over the
course of 50 yearThe LMR-DAF consists of three components.

1. HEC-RAS Model: Hydraulic and sediment transport inputs for the decision analysis were
produced with the U.S. AHydsolog &mgipeerinf) Cebter'g i neer s 6
River Analysis System (HERAS). The HEGRAS model used in this project, previously
developed byfravis Dahl and others #te USACEENgineer Research and Development Center
(ERDC), Coastal and Hydraulics Laboratomas used because of its widespread application
within USACEand to facilitate coordination wittmne Corpsn their role as the primary decision
making authority on the river.
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2. Automation System: Thenumericalmodelwasimplemented within an efficient automation
system that was custedesigned for this project. The automatalowedfor 7,290individual
realizations of the HERAS model to be executed in a matter of days, and for selections from
the very large output set to be processed and stored in fast data structures for use by the project
team. Critically, this automatiasystemcan be adapted to other HERAS models or other
modeling platforms in future efforts.

3. Decision Analysis:The LMR-DAF then applies systematic decisieanalysisprocesdo assess
management strategies farlinerability in the face afincertainfuture environmentatonditions,
andthen to identify the policy levers thdecisionmakershave at their disposal tmprove on the
outcomes of those strategi@dis processbased ornhe Robust Decision Making (RDM)
methodologyLempert et al., 201 3¥iffers from traditionak priori decision support which
evaluates a limited set of decision alternatieg areoptimized for a specific projected future
Instead, RDMhelpschart achievable pathisrough a wide range of plausible futuresguerying
alarge set ohumericalmodeloutputand assessirtipe performance

These three componer{iigure ESL) provide the capability to efficiently explore a large parameter
spaceof river management optionsder different futurscenarios, identify vulnerabilitieand
iterativelydeveloprobust management strategies that perform well aerossge oenvironmental
conditionsanda di ver se set midritep.r ogram partnerso

Management
Strategy

Decision Analysis

Automation System

Environmental Outcome Vulnerability Analysis
Forcings tri
/ Numerical model menes
_

: Tradeoff Analysis
Policy Levers

N

Strategy Improvements

* |dentified vulnerable
paths
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* Tradeoffs incurredin
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Figure ES 1. Components of the Lowermost Mississippi River Decision Analysis Framework (LMR-DAF)

This report describes th@plementatiorof theLMR-DAF to test the performance of distinct river
management strategies as they were represented by the underlyirfgA8=@odel This model was
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used within the decision framework to provide the types of results that would be necessary to reach a real
world decisionFuture use of theMR-DAF couldincludesubsequent analyses with other numerical

models, or augmented versions of the current one, that have additional capakdldidiag realworld

policy decisionswith this tool will require broader stakeholder involvement additgonalreview of

historical data and future predictions.
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1 INTRODUCTION

Decisionmaking authorities havieaditionally managethe Mississippi Rive(the River)separately for
thethreeobjectivesof navigation, flood protection, and ecosystem restoratibof whicharerooted in

an attempto manage water and sediment to nusstisioamaker needslhe scope of the Lowermost
Mississippi River Management Program (LMRMP) includes the identification of potential management
strategies thatould better balandde threeobjectivesfor the Lowermost Mississippi River (LMRyver
timescales of 50 years.

The Water Institutéthe Institute)through the previousMRMP Task Order 6%unded by the Louisiana
Coastal Protection and Restoration Authority (CPR@}p developed unique decisioanalysis
frameworld the Lowermost Mississippi River Decision Analysis Framew(iMR-DAF)d to adjust
and improvestrategieso that theyaddress allhreeobjectivesFigurel). CPRAhad expressed theed
for a flexible tool to produce organized and quantifiemteloutputsthatcouldbe used while engaging
with the wide variety of stakeholders on the LMR. These include feageaicies such as theSJArmy
Corps of Engineers (USACBEtate agencieandnavigation interestdJSACEis a key stakeholder and
decisionmaker on the Mississippi Riveaind isresponsible for maintaining navigation to serve
approximately 11,000 deep draft vessel movements and 450 million tons of cargo edtlegtwaet al.,
2018) Based on available contract data from 1996 to 2019, USACE spends approximatély $100
annually on Mississippi River operational maintenance dredging withdSW&CENew Or | eans 6
District (MVN) boundaries, with nearly $60allocated to Southwest Pgadiner et al., 2024)

Management

Strate
£} Decision Analysis
Automation System
Environmental Vulnerability Analysis

. _ Outcome
Forcings X metrics
/ Nu merical model
Tradeoff Analysis

Policy Levers
Strategy Improvements

+ Identified vulnerable
paths

* Levers that can mitigate
vulnerability

* Tradeoffs incurred in
applying the levers

Figure 1. Components of the Lowermost Mississippi River Decision Analysis Framework (LMR-DAF)

Along with maintenance of the River for navigation purpoACEis also responsible for reducing
flood riskalong theRi v eentidedength, which hasaditionallybeen managed with engineered earthen
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leveesand floodwalls, a series of spillwayamdhardened channel bank and Ipedtectionmeasures

Like CPRA,USACEhas undertaken a series of studies to exafoimgetermdecisionmaking in the

LMR (e.g.,Lewis et al., 2022; Little et al., 2014 key aim in this projecivasto facilitate productive
interactions between CPRA and USACE during the ongbavger Mississippi RiveCompehensive
Managemenstudy( her eaf ter t he A.Comprehensive Study?od)

In response to the Water Resources Development(AGRDAS) of 2020 and 2022, USACE initiated the
Comprehensive Study to be implemented by the Mississippi Valley Division and with MVN leading the
analysis. The USACE Comprehensive Study covers the Mississippi River from Cape Gjrardeau

Missouri to the Gulfof Americaand consi ders fAa broad range of reas
Lower Mississippi River Basin to comprehensively manage the basin and improve the maximum effective
river resource use and dool for the priority mission areas of hurricane and storm damage reduction,
flood risk management, navi gat i on , (Pirkhamd, 2@2t)osy st em
Through thd JSACE Comprehensive Study, USACE is required by WRDA to consider projects that are
included inL o u i s Canprahérsiviaster Plan for a Sustainable Cod&tPRA, 2023and to

consider the use of natural and natbased features as well as measures to improve the efficiency of
operational and maintenance dredging.

CPRA intends for theutcomes of LMRMRnvestigations, including the work documented in this report,
to inform the USACE Comprehensive Study andacilitate futureinteragencycollaborative efforts at
river management.

1.1 THE LOWER MISSISSIPPI RIVER DECISION ANALYSIS
FRAMEWORK (LMR-DAF)

The LMR-DAF designstartswith adefined highlevel management strategy thas been identified

through collaborative discussions with CPRA and stakeho{Balganderet al, 2022) Theperformance

of thestrategy ishenmodeledunder a wide range of possible environmental forcowgs multi-decadal
timescaleandwith a variety of specific implementatiogolicy levers) Themodel outputsverethen

distilled into standardized outcome metriahich areused as inputs for a decision analysiscesshat

identifies vulnerabilities in each strategy, adentifies tradeoffs that would be incurred while addressing
thevulnerabilities.The core of this effort ia systematic decision analygisocesghatproduces robust
decisions in conditions where deep uncertainty ex
response to them

This processs based on Robust Decision MakirROM; Lempert et al., 20Q@anddiffers from

traditionala priori decision support, which evaluates a limited set of decision alternatives optimized for a
specific projected futufe an approach thatftenprovesto beinadequatevhen faced with deeply

uncertain future condition®.g, Herman et al., 2015)

Instead, RDM offerslecisionsuppot by querying a large set of numerical model outputs and empirical
data.In running models numerous times to identify vulnerabilitkSM can enhance the value of
decisionrma k e r s 6andrusedhein ® identify plans tlase robust over many combinations of
assumption§Lempert et al., 2013 his helps assess the performance of edidiegyand allows the

user tochart achievable paths through a wide range of plausible futures.
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This report describes th@plementatiorof theLMR-DAF to test the performance of distinct river
management strategipsojectedby the underlyindJSACE Hydrologic Engineering Center's River

Analysis SystenfHEC-RAS) model. As a step toward further analysis and conversation, this model was
used within the decision framework to provide the types of results that would be necessary to reach a real
world decisionSubsequent analysetould be performed usimher numerical models, or augmented
versions of the current one, that have additional capabilities.

The LMR-DAF as implemented in this repatepend on hydraulic and sediment transport inputs
produced wittHEC-RAS. The HEC-RAS modelusedherewas previously developed by theS. Army
Engineer Research and Development Center (ERDC), Coastal and Hydraulics LaljDattbet al.,
2018)andwasmaoadified by the developer for this projethis model was chosérecausehe
Comprehensiv&tudy teamalsoplanned taise a version of.ifts usein this studylays the groundwork
for furthercoordination with USACE in its role as the primalsgcisioamakingauthority on theRiver.

This report describeberiver management strategies thare investigated as well as the environmental
forcings that each strategy was subjecte(Ctmapter2), the decision analysteolsthatwereused to

organize and make comparisons within this large body of output (Cl®ptee environmental model

that was used to execute each strategy (Chdptend the results dfvo independent decision analyses
that were performed (Chaptg). The decision analyses include/ulnerability analysis to explore the
combination of environmental futures and policy choices under which each management is vulnerable,
and a tradeoff analysis that allows users to identify policy choices that prioritize one outcome over
another.

Earlier phases of the LMRMP centered the requirements for theumericalmodel andproducingthe
tools,knowledge basend conceptual framework to facilitate im-depth assessmeot the relevantiver
managememutcomesThis includedworking with CPRA and stakeholders to determineaperational
management practices in tRéver (Esposito et al., 2021, 2022; Miner et al., 2024dtherange of
possibleenvironmentatonditions thatvould be facedby future decision maker&aHatte et al., 2023A
set of strategies for managing water and sediment in the LMR was initially describDadlyapder et al.
(2022a, 2022bbased on the input of an extensared structuredtakeholder outreactffort. From the
same stakeholder consultations, a set of outcome metrics of interest was idantiflezh refined based
on the availability of data for calculation and the releedndhe management strategies under
considerationThe strategies, metrics, and environmental scenbawes been iteratively refined and are
discussed itChapter2.
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2 MANAGEMENT STRATEGIES AND
ENVIRONMENTAL SCENARIOS

Threehigh levelstrategies were testéar this report Two of thestrategies contain variants whiich
practicewere investigated as independent strategies in their glvh Each management strategy that
was investigated was initially developed in consultation WiehLouisiana Coastal Protection and
Restoration Authority@PRA; Dalyanderet al, 2022) The three strategigbat were investigateare
BusinessasUsual (BAU; Sectior2.1.]), Alternative Navigation Channel Alignment (Sectd.?), and
Adjusted Flow Ratio at Old River Control Structure (Secfdn3.

Each strategywasexecutedvith a range oboundary conditions thagpresenenvironmental forcings

that are outside of management control (SectioRd), and policy levershat managers can apply to
improve outcomes (Sectiéh2.?. The environmental forcirggthatareincludedin this report are

variations in the rate of sea level risadin theinput of sediment and water to the lower river from
upstreamThe policy levers that are appligdthis reporiall represent changes to the discharge that is
allowed througta set of 1@utlets in the lower river through whietater and sedimexit the main
channekhrough crevasses, diversions, and overbank fléwgingle run within any strategy requirde
selectionof two environmentaforcings and five policy leversll possible combinationsf which are

shown inTablel. For every strategythere are 1,458 combinations of strategy and environmental forcing.
In total, 7290 runs were completed to represhetthreestrategiegandtwo strategy variantanalyzed in

this report Output from each run was used to compute outcome metrics that represent the performance
for the three interests of ecosystem, navigation, and flood risk (CI®pldrese metrics are then used as
inputs for the two decision analysggzhapters).

The modeleddomain for this study is theowermost Mississippi RivelLMR) from Tarbert Landing to

its receiving basingFigure?2). A full descriptionof the HEGRAS model is given bpahl et al(2018)
andupdatedn Sectiond.1 of this report The upstream boundary is appliesla sediment and water input
conditionat Tarbert Landingand the primary downstream boundara iwater level condition imposex
the end of Solivest Passr an alternativanavigation channdseeSection2.1.2. Additional boundaries
are imposedlong the channels lateraflow structurego represensutlets(i.e., distributary channels)
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Table 1. A single run within any strategy requires the selection of two environmental forcings (dark blue columns),
and five policy levers (light blue columns). Sea Level Rise is presented as the total amount of rise experienced over
the 50-year model period. Each row contains the options for the forcing or policy lever indicated in the column
header. Each strategy was implemented for every possible combination of policy lever and environmental forcing, for
a total of 2 x 3% = 1,458 possibilities per each of five strategies (7,290 runs total). Full descriptions of the
environmental forcings and policy levers can be found in Sections 2.2.1 and 2.2.2, respectively.

Sea Level Inlet Discharge Discharge Discharge Discharge Discharge
Riseover hydrograph through through through through through
50 years percentile (all Diversions Unmanaged Lower Outlets Bonne Neptune
(feet) years) Outlets Carré
1.6 90" (Wet) High High High High High
2.5 50" (Medium) Medium Medium Medium Medium Medium
10" (Dry) Low Low Low Low Low
N
/

ouge
Baton Rouge Gauge { Biloxi
Gulfport

5
Slidell 5
\

Donaldsonville
Gauge

Carrolton
j Gauge

Morgan City

Houma

Southwest Pass

A 60 Km
I

Figure 2. The HEC-RAS model domain runs from Tarbert Landing to the loss of flow confinement at the end of
Southwest Pass. The channel path used for the BAU strategy is shown in blue, and the Turn Right and Turn Left
paths are shown in orange and green, respectively. All outlets that were included in the study are indicated by a gray
dot and an arrow showing their flow direction. Additional information about the outlets and their implementation can
be found in Section 2.2.2 and Table 1. Gauges used in this report are indicated by yellow triangles.
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2.1 STRATEGIES CONSIDERED

2.1.1 Busines s-as-Usual

TheBAU strategymodeleda continuation oéxistingriver management practicaad navigation channel
alignment Outlets that are included in tik@iture Without Actiorscenario of the 202Goastal Master
Plan(CPRA, 2023)wereoperated under assumptions consistent with the modeling approadb used
inform the CoastalMaster Plan. This includesdiment and wateliversionsthe Bonnet Cag Spillway;,
and other controlled featureRating curves foall outlesincluded in the modedperation are shown in
Appendix C

2.1.2 Alternative Navigation Channel Alignment (Turn Right, Turn Left)

This strategy stablistkesadifferent course for thdeep draft navigation channel of theuthernmost

reach of the Mississippi Rivetarting at EmpireTwo variants of this strategyere modeledvherein the
deep draft navigation channel exits to the WeBtrn Rightd prto theEast( A T Leftinpf the current
main channelAdjustments to the HERAS modelthat were made to accommodate these two variants
are described iBectiord.1

2.1.3 Adjust ed Flow Ratio at Old River Control Structure  (Flatpeaks, Lowpeaks)

In the Adjusted FlowRatioat Old River Control StructureJRCS strategy, the input hydrograph was

altered so that the upstream boundary condition yields flows in the main stem that are consistent with

flow ratiostestedn U S A C R@280Id River, Mississippi RiverAtchafalaya River, and Red River

(OMAR) Study (see Table 4, Scenaroin Lewis et al., 2022)The two variants of this strategycluded

in this analysis are described beldsow variants proposed in the OMARudythat increased flows in

the main stem of the Mississippi River were not able to be implemfantéds studydue toinstabilities

in the HEGRAS modelin thechannel bednorphologyat high flows(Travis Dahl, pers. comm These
instabilitiescan be corrected for futueef f or t s, but doing so was. outside
The two variants thattere modeled are described in brief below, arthfl mathematical definitions for

the input condition applied for each variant are givefyppendix A

1 Lowpeaks During high flow 60% of the flowwas routedo the Mississippi River and 28to
the AtchafalayaDuringlow flow, 70% of the flowwas routed to the Mississippi River and’80
to the Atchafalay#éthe currentCongressional authorizatiarollowing the definition useth the
OMAR Study(Lewis et al., 2022)the transition froniow flow to high flow occursvhen the
discharge at Tarbert Landing exceedsillion cubic feet per secondVcfs).

1 Flatpeaks Thehydrographs keptas definedn BAU except a maximum discharge of 1.25 Mcfs
is imposedAbove the maximundischargeexcess into the Atchafalaya River causing the flow
ratio to be variable.

2.2 DEFINING RUNS WITHIN A STRATEGY

Each run iexecuted aa continuou$-yearHEC-RAS simulationwith 1-D channehydraulics and
riverbedmorphology activeTheupstream and downstredyoundary conditionsiereconstructed so that
the modekxperiences0 years othange irenvironmental focings The choice to runfyear simulations
thatexperiencé0 years othangewvas made to minimize computational time. The chmeanghat
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modeledquantities are comparable between model runs, and they do repedsivevariationresulting
from differences in climate forcings, but they do not reprasatistically benchmarkegrojectionsfor
the next 50 years.

2.2.1 Environmental Forcings

The upstreanboundarywasforced bydaily hydrographshat were producely applyingclimate model
precipitation predictiont aflow routing andand infiltration model throughout theMR & entire
drainage basirLaHatte et al(2023)producedlow duration curvesnd associatellydrographgor

Tarbert Landing based on two climate scenadodry/average/weflow duration curvdargetwas
generatedor each decade and climate scenadsed on the 10 50", and 9@ percentils of the
corresponding hydrograplend the representative hydrograph for that decade and condition was selected
as the one with a flow duration curve that besttched that targéAppendix B) Theupstream boundary
for anyrun is a series dfve dry/moderatefet hydrographs thaterestitched togethesind smoothed

over a + 2-weekintervalat the transitiog between yeai$igure3). The boundary condition used in the
BAU runs isshown inFigure3, andadditional details on seasonal corrections that were applied during
the hydrograph selection process are describégjendix B

Eustaticsealevel rise (SLR)saccelerated o t hat e ac hexpererficésehe tange afseg e ar 0
levels that would be present in the corresponding de@adig a simulationincreases in sdavel are

cast as a linear function of timéhere50 years oexpectedise isaccomplished by the end ab-year
simulation Figure4). Spatially-variable sibsidences included in the HERAS model(Dahl et al.,

2018) though at an uaccelerated rat@helinearsea level curve wassedto improve run timeso
accommodate the compressed project schednbfktominimize the possibility of instabilities later in the
model rurwhich might have ariselater in the simulatiofrom an acceleratin§LR rate.

1e6 Inlet Boundary Condition Hydrographs - BAU

2.01

RCP: 4.5 Prc: 0.1
RCP: 8.5 Prc: 0.1
RCP: 4.5 Prc: 0.5
RCP: 8.5 Prc: 0.5
RCP: 4.5 Prc: 0.9
RCP: 8.5 Prc: 0.9

L
w
L

Discharge (ft3/s)
[
o

o
5

RY

Figure 3. Example of concatenated representative hydrographs for the BAU scenario. Each line represents a
combined of selection of a hydrograph percentile (Dry: 0.1, Moderate: 0.5, Wet: 0.9) and a climate representative
concentration pathway (RCP 4.5, RCP 8.5).
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RCP 8.5
251 25ft/*50 yr

Sea-level

RCP 4.5
4 1.6ft/"50 yr

RY1 RY2 RY3 RY4 RY5

Simulation time
RY = representative year

Figure 4. Sea level is imposed at the downstream boundary. The full rise that is expected over 50 years in each
climate scenario is imposed linearly throughout the 5 years of simulation in the numerical model. The red dashed line
and blue arrow indicate the average sea level during one representative year.

2.2.2 Policy Levers

Policy levers arenodel parameters considered tauneler the control of decision makeTse distinction
betweerpolicy levers andcnvironmentalincertainties does not affect tingplementation of the HEC
RAS model, but it is important to tlamalysis and interpretatiaf resultsin the decision analysi&ection.

The primary policy lever that is applied in all strategies is the contd® otitlets for flowthatleaves the
main channel of the rivdregnning at the Bonnet Ca¥Spillway (River Mile127). In all casesthe flow
of water through each outlet is modeleg@ding toa rating curvébetween Mississippi River discharge
and outlet discharge (Q), where discharge through the outlet (Q)asita function of the local
discharge in the river (Q_riAppendix Q.

Each outlet is assigndmbtha Typeand aManagement Grougrlable2). TheTypedefines thestyle of
rating curve used to relate Q_out to Q_riv and the treatment of uncerfdietfree types of outlets are
describedn Section 2.2.2.below. The Management Grougefines how the outlets were applied as a
policy lever. Rather than investigate each individual outlet as its own policyilewater to constrain the
total number of necessary model simulations for this prdjeetoutlets werplacedinto five groups that
are likely to be treatesimilarly by decision maker3hese distinctions would be straightforward to
change in future implementatiarihe Management Groupapplied hergFigure 5)are:

1 Bonnet Carré Spillway, which is operated with a control structure and a set management plan
that is independent of the Diversions group.

91 Diversions Constructed or planned diversions that are operated with control strugtithethe
exception of the Bonnet C&&pillway.
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1 Unmanaged Outlets thatire above Head of Passewl do not have a set flow target in any
management plahese outlets are not currently subject to significambagemenf their flow
butareconsidered to badjustablegpolicy levers due to the potentifalr systematicrevasse
management activitigmplemented byhe U.S. Army Corps of Engineeld$ACE) in the
future Outlets abovédiead of Passesr e | i st ed in Table 2 as fAUnman
belowHead of Passesr e | i st ed as AUnmanaged, Lower . 0

1 Neptune Passwhichis singled out a€PRA and the project team expedbitreceivespecial
treatmenin the future.

Table 2. Outlets that are implemented in the numerical model. Outlet Type indicates the type of rating curve

relationship that is imposed (Section 2.2.2.1), Management Group indicates the outl et d:
a policy lever (See Table 1). River Mile above Head of Passes and Receiving Basin indicate the position of the outlet

along the river, and the basin into which it discharges, respectively.

River
Management Mile

Outlet Name Receiving Basin

above

Bonnet Carré Spillway 2 Bonnet Carré 128 | Pontchartrain

Davis Pond Diversion 2 Diversions 118 | Barataria

Caernarvon Diversion 2 Diversions 81 | Breton

Mid-Breton Diversion 2 Diversions 69 | Breton

Mid-Barataria Diversion 2 Diversions 61 | Barataria

Bohemia Spillway 2 Unmanaged, varies| Breton
Upper

Neptune Pass 3 NeptunePass 24 | Breton

Fort St. Philip Crevasse 2 Unmanaged, 19.5 | Breton
Upper

Baptiste Collette 1 Unmanaged, 11.5| Breton
Upper

Grand Pass 1 Unmanaged, 10.5 | Barataria
Upper

West Bay Sediment Diversion 1 Unmanaged, 4.7 | Barataria
Upper

. Unmanaged,

Cubits Gap 1 3 | Breton
Upper

South Pass and Pass a Loutre (combined) 1 Sgpmea;naged, 0 | Lower

Southwest PagSrevasse at Mile 3.0 2 Unmanaged, -3 | Lower
Lower
Unmanaged,

Joseph Bayou 2 -5 | Lower
Lower

Outlet W2 2 Unmanaged, -9 | Lower
Lower

Burrwood Bayou 2 Unmanaged, -14 | Lower
Lower
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Figure 5. Outlets delineated by management group.

2.2.2.1 Outlet Types

Type loutletsare expected to remain stable throughoutthtrestudy periodThese outlets are free
flowing and are not managed with a control structinerating curve for Type butletsis imposed as a
linearfit to the available data (sé&gure6). To account for the uncertainty in the rating curvass were
implemented that varied tistope of the fiby +/- 10%.

Type 2 outlets are those with a tunable control structure and -aefeled management plan that is
achieved in the real world through active management of the control structure. TBardidria

Sediment Diversion is an example of this outlet tBerause these diversions are assumed to be under
management contrdheir rating curves were set from planning documé¢gasposito et al., 2017,

Messina et al., 2019, 2021)

Type 3 outlets are free flowing outlets where major changes to the rating curve relationship are possible
during the study period due either to geomorphic changes to the outlet itself or through major
management activities. These outlets are subject &rtaiaty in the same way that any other free

flowing outlet is, but they are also subject to potentially large additional uncertainties.
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3 DECISION ANALYSIS

The decision analysrocesemployed irthe Lowermost Mississippi Rivebecision Analysis

Framework LMR-DAF) is based on Robust Decision Making (RPMmpert et al., 2006whichi s fi a

set of concepts, processes, and enabling tools that use computation, not to make better predictions, but to
yield better decisions under conditions of deep uncerta{iMgrchau et al., 2019Deep uncertainty

happens fiwhere the system model and the input par
agreed on by t he st(gekpeh @002)RDMJistredsoteststiategied aver mygiado n 0
plausible paths into the future and then to identify pelagvant scenarios and robust adaptive

st r at(Magchaa stal., 2019)

In traditional modeling approaches, model output is tsekkfine the range of uncertainties in
parameters that decisiomakers must react to. The decisioakers therselecta strategyased on the
modeleddistributionof uncertaintyand their risk tolerancén situations wheréhere isdeep uncertainty
in theenvironmentabkystem oin the predictive model or where there is no widely agugazh
distribution for the uncertain parametgdtee traditionabpproachmaynot be appropriatdbecausét can
lead to an unmanageably large set of decisions to.riiékensuch deely-uncertainconditions are
presentRDM is used to improve oproposedstrategiedo identify those that am@morerobust to
uncertaintiesn advancing desired outcoméfirough RDM, the strategies are iteratively examined for
vulnerabilities(vulnerabilities are described 8ection5.1) andexamined to determine what tradeoffs
must be maden metrics of interest addressing any specific vulnerabWtynerability in this process is
defined as the condition where outcome metatisabove or belowhresholds unacceptable to the
decisionmakers or stakeholders

In theLowermost Mississippi River Management Program (LMRM&)ision analysesjodel inputs are
separated into two distinct categories: 1) uncertaithigsre typically viewed as unknown and

uncontrolled (e.gwhat will the river hydrograph be in a given year?) and 2) policy le¢katare viewed

as under the control of a decision maker (evhen should diversions or floodways be openedaih
strategyis simulated under all combinations of environmental forcings and policy levers identified in
Tablel. Standardized metrics, described below, are then calculated from each run in the output dataset
and aggregated to hesed as the basis feulnerability andradeoff analyss. Each metric calculatiois

basedn specified thresholdbat describaystem behavior (e.g., flood stagéach metric description
includes the specific thresholds used in this stbdy threshold values are configurable inputs for each
strategy.

Eachsimulationconsists of a unique combination of environmental forcings and policy linatraere
converted into appropriate inputs the environmental model to conduct simulations. The environmental
modelthenprovides results for posprocessing, where outcome metraes calculated. Results were then
aggregated across realizations for each scenario and anagmg&DM to identify the future scenarios

under which the strategxceeds a benchmark reporting metria n d t h u svulnesablél ya@me d i
thepolicy levers available to mitigate vulnerable outcomes. Used togetheerability and tradeoff

analy®s support identification of strategies that both maximize desired outcomes and are robust to
uncertainties.
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3.1.1 Ecosystem Metrics

Each outleempties water and sediment into a defined basiegion(Figure7). For each basinywo

ecosystem metriosere applied. These metriseredefinedduring engagement efforts with CPRA and

partners during Task Ordé® (Dalyanderet al., 2022)First, river waterenteringthe basiris summed

over a monthly window (estimated from an instantaneous ththjs ecosystenmetric is less than that
basinds threshold value, the month oughedchatteed as v
conveys a sediment load to a basiar each basirthe second ecosystem metric is computed as the
monthly-sunmed mas®f sediment entering the basin {ons). If the monthly sum of sediment delivered

to a basin is less than a threshold vdiez Section 5.1}hen the run is vulnerable.

AYUq#HG6¢! ql ¢ RU

Basin
© Barataria
O Braton

O Lower A
© Pontchartrain

—BAU 30 Km

=l ——
Turn Right

Figure 7. Outlets colored by receiving basin. The Barataria, Breton, and Pontchartrain basins are labeled. All
di scharges below Head of Passes are considered to discharge

3.1.2 Navigation Metric s

Metrics thatimpact navigatiomverecomputedalong the mainstem of the simulated Mississippi River.
These metrics are broadly categorized1a$low depth,(2) projected necessadredging volume, an(B)
hydrograph metrics.

1. Projectedlow depthwascomputed acrosal the cross sections in defined reesbf theRiver.
Each month, the minimunvater columrdepthabove the betbr each cross section in the
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aggregate is computed, and if the result istlessa depth thresholdf 50ft. (per USACE

channel depth requiremerthlen the month is marked as vulnerable. An entire run is marked as
vulnerable when the ratio of vulnerable months to total months in the run is greater than
frequency threshol{Figure8). The output of the flow depth metricnsonthly maximundepth

(t.).
SWP3 /3,7»1/ All 1000 runs for BAU
['Mississippi ~ Mainstem 1 12689

- A single run

Max stage experienced
for historic / existing
runs in flowline

2004 2005 2006 2007 2008 2009 analysis

Invert depth (ft)

frequency

49 50 51 52 53 54 55 56 57
invert depth (ft))

Figure 8. Depth threshold example showing time series of invert depth (top) and a histogram of invert depths used to
identify thresholds (bottom).

2. Projected tedging volume waseported by the HERAS modelat all crosssectionsof themain
channelwhere dredging is performed as describe®bial et al.(2018) The dredging metrits
computed as the monthly sumsifulated dredgenhaterial(ft®). Because these dredging regions
are spatially explicit, this metridoes best to represent changes in dredging requirements within
the specifiediredgingarea. The metriccan only capture nelocal effects from far field changes
in outlet operationA run is marked as vulnerable if the volume dredged in a rgkedimed as a
set of cross sectiopacross any I-Ponth interval exceedsthreshold volume

The decisions that are made by the dredging operations staff are not fully formalized in a way that

can be incorporated into inputs for the dredgmagule of the HEERAS model, so the dredged

volume reported by the model may differ from realistic dredging output. Because there is a need

to represend variety ofdecisionmakingstrategiedy the dredgers, the operational dredging
manager at USACHEew Orleans DistrictNIVN ) was contactetb define certain situations that
they regard as vulnerableegardless of the volume that is dred@#eff Corbino, personal comm.
October2023). Based on thisnformation it was identified thabperatioml dredgingnanagers
often interprehydrograpti e v eta anscipatedredging needs.

3. A pair ofhydrograph metricerere createtb describe (3a) sharp drops in river stage and (3b)
pulsesof increased stage during overall low water conditiéios sharp drop#n stage(3a)at the
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end of the flood seaspthe dredgemustdeepen the channel more rapidly than stagettalls
maintain navigability irthe Crossings This can strain theapacityof the dredging fleeand
represents a vulnerability that is not fully captured by the annual dredging volluridentify

an instance of this vulnerability,,aaxima and subsequent minimsadentifiedwithin a rolling
window of seven daysVulnerability is detected if the difference betwednaeal maxima and one
of the subsequeidcal minima is greater thatO ft. Each day (center of window) when this
condition is metdentifies avulnerability. Daily vulnerabilitiesvereaggregated monthly such
that any month with a vulnerability is marked as vulneraliie metric outpudf (3a) is the
number of sharp drops in a month.

The second hydrograph metric (2tBscribes a dredging issue that occurs at the Crossings during
periodsof prolonged low watelin the real world, Wwen the river stage is low, the dredgensst

cut the channel to accommodate an appropriate navigation depth. If a small floookcpulse

may temporarily increase flow depth, but when the pulse subdiges is often deposition that

has occurred in the channel that requires additional dredging to remove. This problem is not well
captured by the absolutieedging volume, but it does cause operational difficulties because
dredges are often elsewhere during prolonged low water pefibepulsinghydrograph metric

(3b)is computedn a similar fashion téhe sharp drop metric (3&)ut the average stage during
therolling window must be less thd® ft. If a drop ofmore than 4t. occursin such a window,

the day is marked as vulnerablde metric output is the number of pulses in a month.

3.1.3 Flood Risk Metrics

The flood stage metric reports vulnerability based on a single threshold at a single cross section that
represents atreamgauge. Unlike flow depth, where multiple episodes of vulnerability are needed to
render a run vulnerabi&the stage at a gged location exceedbethreshold valuat any time during the
run, then the entire run is marked as vulnerablee flood risk metric is calculated thie six gauges
indicated inFigure2. For this report the threshold value is set by@@igpercentile of modeled stage
values during the BAWun. The published flood thresholds from the gauges were not esedise there
are some systematic deviations in the flood stage predicted by thé&RME@nodel (se&igures 14 and

15 inDahl et al(2018) In futureapplicationsa more intensive threshefitting exerciseould be used to
determineappropriatehresholds
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4 ENVIRONMENTAL MODEL

The environmental modleonsists ofanumerical flow and sediment transport modieittis controlled by

a python module capable of modifying model files, runrsimgulations, and post processing simulation
information in batches using multiprocessing on a multicore Windwvkstation In the current project

implementationthe underlying numerical model is an unsteathteHEC-RAS hydraulic and sediment

transport model developdy Dahl et al(2018) however theautomation system as well as the overall
Frameworkis adaptable to other HERAS models or other modeling platforms.

4.1 HEC-RAS MODEL

Dahl et al.(2018)produced a HEGRAS model that simulates the flow of water and sediment between
Tarbert Landing and the mouthtbie river at the end Bouthwest Pass. The main stem of the

Mississippi River is represented as a single channel, and flow losses through diversions, crevasses, and
major passes are incorporated as discharges through flteratructuresWater and sediment input
through a time series discharge boundary at the upstream end of the domain, and the downstream
boundary is applied as a water legehdition. Flow through individual outlet boundaries is modeled as a
Q-Q condition where discharge through the outlet is a rating curve function of local flow in the channel.
Sediment is removed at the outlet proportional to the outflow, but with a maxgraimsize that varies
depending on the outlet. Silts and clays are diverted at all outlets, but fine and very fine sands are only
diverted at MidBreton Mid-Barataria West Bay Cubits GapSouth Passand Pass a Loutre. Bonnet
Cartédiverts very finefine, and medium sands.

To prepare the model for each alternative stratepC madeupdates to thBAU model @.1.7), and
adapted th&AU model for use in the Turn Right.(L.2 and Turn Left4.1.3 models. No adjustments to
the model were needed for the Alternative Flow Split at ORCS strategies, as only the input at the
upstream boundary was changed.

4.1.1 Business -as-Usual and Adjusted Flow Ratio Strategies

Only minor adjustments were made to the orig{ahl et al., 2018BAU model, including:
1 Updated QQ rating curves applied at the lateftalv structuredor distributary outflowgSection
2.2.2.).

T Added West Bay t o flowhstuct@eomthetEassBark afpphe tivartoe r a |
improve numerical stability in sediment transport for that reach.

1 Addedalateralflow structureto account for losses at Fort St. Philip on the East Bank
1 The revised model was tested in HRBS 61 to ensure that the model was still calibrated.

1 Added distributary outflows (laterfibw structure$ for the MidBreton and MicBarataria
diversions. Since these diversions were not in place during the calibration perici2(E}
the model outputs were reviewed to ensure that the results were reasonable.

1 Adjusted FlowRatioat ORCS The model is identical to tH AU model, but the upstream
discharge is altered to represent a change to the 70/30 flow split at ORCS.
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4.1.2 Turn Right Strategy

In this alternative, major modifications were madéhtmain navigation channel such that it diverges
from its current patim the vicinity ofthe Empire Waterwaynear River MilgRM) 32 above Head of
PassesThe new path exits thexisting channel through the right descending tmamkproceedgvest to

the Gulf along the most direct routnis is accomplished through a junction, so both the alternate flow
route and the existing Southwest Pass reach are fully included in the Figdet9).

Bathymetry for the new route was obtained fritile NOAA Bathymetric Data ViewdNOAA, accessed

2024. A trapezoidal navigation channel with a bottom width of 808nd bottom elevation eb0 ft.

was stamped into the terrain madehis navigation channel was extended until it was at the same
elevation as the surrounding bathymetry. A flow split (junction) was created in the model where the new
navigation channel and existing channel centerline meet. Geati®ns, spaced 2 mi. apart, stretch

between areas of high ground on either side of the new navigation channeRAfECalculates the
distribution of flow between the existing and new channels based on assuming equal water surface
elevationsat the downstream boundary. Sediment is distributed between the two channels proportional to
the flow.

The HECGRAS model performs an annual dredging of material within the new navigation channel,
ensuring that the full depth is available at the end of each March. While the actual practice might be to
sidecast the material in this channel or otherwise dse l&ind creation, in this modehe material is
removed from the model domain. Due to the large size of most of theserctimns (up to 37 milén

length, this is unlikely to significantly affect the simulation results.

The revised model was run with the historical 212 flowsto ensure that there were no numerical
instabilities and thathedistribution of flows, water surface elevations, and resulting effects on
sedimentation in the Mississippi Riveere qualitatively similar to what would be expected from a
conceptual analysis.
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Figure 9. HEC-RAS model schematic showing the location of the model cross-sections (XS), including those for the
Turn Right path.

4.1.3 Turn Left Strategy

Major modifications were again made to the main navigation channel such that it diverges from its current
pathin the vicinity of Bayou Lamoquaear RM 35However,in this alternativethe new channel exits

the current channghrough the left descending bafigure10). The path proceedsast until it reaches

deeper water and then follows the deeper water tedhheastBathymetry along this route was

obtained from NOAAand a navigation channel with the same parameters used furthRight

alternative was stamped into terrain.

Similar to the modeling procedure for tharn Right alternative, th&urn Left model uses a flow split

(junction) that was created in the model where the new navigation channel and existing channel centerline
meet. Crossections, spaced 2 miles apart, stretch between areas of marsh on either side of the new
navigation channel until the channel turns southward. From this point, cross sections extend
approximately 16 miles to the left of the channel (northeastward) and to marsh edgegirt.thil=G

RAS calculates the distribution of flow between the existing and new chdraseld on assuming equal

water surface elevations at the downstream boundary. Sediment is distributed between the two channels
proportional to the flow.
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The HECGRAS model performs an annual dredging of material within the new navigation channel,
ensuring that the full depth is available at the end of each March. While the actual practice would likely
be to sidecast the material or otherwise use it for ¢aedtion, it is removed from the model domain. Due
to the large size of most of the cregstions (up to 37 miles), this is unlikely to significantly affect the
simulation results.

The revised model wagainrun with the historical 20042012 flows and the results reviewed to ensure
that they were reasonable.

;. id-Barataria
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Spillway
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nd Isle
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— Turn Left 15 Km
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Figure 10. HEC-RAS model schematic showing the location of the model cross-sections (XS), including those for the
Turn Left path.

4.2 AUTOMATION

A customized atomation system wassed to create and organize information to execute ensembles of
HEC-RAS simulations with permutations of different model configuratitins.written in Python 3.9

and utilizes custom modules and opmurce dependencies to load data, configure simulations, control
HEC-RAS simulations, and gather HERAS outputs into welbrganized storage.

Theautomation systeris structured around execution of a managersteategy A management scenario
is defined byan RDMconfiguration and 4D HEC-RAS model. The managemesitategyis specified
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during initialization. The RDM configuration provides informatiorattExploratory Modeling and

Analysis EMA) workbench whichis a research methodology tligimplementedn Python, and which

uses computational experiments to analyze complex and uncertain sf{EskéM<2024) It was used in

this project tacreate a set of parameters and values that are packaged into a set of custom data containers
(right portion ofFigure11). Each data container has information to programmatically change specified
components of the HERAS model.

RAS AUTOMATION

EMA Workbench LMR post
m

{ B i
ey oseing /\ ] —_ arr
abicive) nelCDF .
T

P array
LMR Framework @ Local / Cloud object storage

Pathos multiprocessing

Scenario data containers .. Amazon S3
Q‘ RDM ANALYSIS
LMR Controller LMR metrics —* RDM analysis

Metric p:ee\me
—’u pundas 00-jupyter-notebook-.ipynb

array

‘l?l\L 05-jupyter-notebook-.ipynb

Figure 11. Flow chart of the automation system

ThePathos multiprocessing packageaisedo pair each data container with an instance of the LMR
controllerin batches that are executed simultaneously (batch size is specified in the LMR configuration
center portion oFigurell). The LMR controller copies the specified HIRAS model to a temporary
directory, modifies the HE®AS model as specified in the data container, and controls execution of the
HEC-RAS program. After the simulation is complete, the LMR controller extraetsfegad output

variables, writes the information as a NetCDF file, and deletes the temporary directory and associated
HEC-RASfiles. Instances of the LMR controller are created until all simulations of the management
strategyhave completed.

Once theautomation systerhas completed execution of HETGAS simulations, the root directory of the
simulation NetCDF files is given to LMR post. LMR post walks through simulation subdirectories and
uses the xarray package to save the management scenario simulation data imZaorfdocal or cloud
object storagéFigurell). The Zarr data storage format is an ogenrce format designed to store large,
compressed, muttlimensional arrays efficiently, especially in cloud environments, by dividing data into
smaller "chunk&which allow for fast, random access to specific subsets of the data.

Execution of the automation system was accomplisimeal virtual machine running Microsoft Windows
10. The virtual machine was configured with 32 virtual cgfdD EPYC 7763 and 64gigabytesof
memory. This configuratioallowed32 instances of HERAS to run simultaneousllthough runtime
was variable (due to overaléverload) simulation of @ingle management strate(@y458 HEGRAS
simulations)could be completed in approximately one dBye multiprocessingettings can be
configuredso the solution can be deployedraore robust HPCs or more modestly configured laptops.
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To move toward @aRDM analysis on a simulated managenstrategy the LMR metrics module
computes a set of custom metrics from HE&S output variablegight portion ofFigure11). Each

metric is specified in the managemstrategyconfiguration, which includes mathematical calculation
and spatiotemporal aggregation. To compute metrics,-RES output data is read from the management
scenario Zarr. After the required data is loaded into memory, each metric is calculated in dsaakan

to local or cloud object storage as a comma separated values file (csv).

Mechanically, the RDM analysis is performed using a set of Pyltpyter Noteboak(right portion of
Figurell). Numbered 00 througbs, these notebook®ntain the configuration used in the RDM
analysisjmport HEC-RAS data that is used to create RDM metpesform RDMcomputations, and
generate RDM outputs in the form of tabular data and plots that are writewage.

Lowermost Mississippi River Management Program: Model framework adaptation and implementation for scenarios 2ihd strategies



5 RESULTS

This section presents @xampleof how theLowermost Mississippi RiveDecision Analysis Framework
(LMR-DAF) facilitatesconstruction ofnnovativedecision analyses thahableusers teortthrough a
largeand complex decision spaf# structuredguidanceFirst, threevulnerabilityanalysesre presented
that showhowto identify trendsin the environmental forcings and management chdizddead to
undesirable outcoméSection5.1). Thena Robust Decision MakinRDM) tradeoff analysis is
performed taguide usershrough the processes of addressing thvosgerabilities anddentifying when
improving one outcome is likely to leadnegative impacts on anoth@ection5.2). These examples
showcase¢he powetthatthe Framework offers at scal€odes that are used to identify specific
environmental forcings and policy levers are identifiedable3.

Table 3. Codes used to identify environmental forcings and policy levers and details on their implementation.

Comment

Description

True-> highsea level riseSLR) rate,

< :Zr::\\r/iil hydro_rcp_8.5 from RCP 8.5
S o False-> low SLRrate, from RCP 4.5
g E’ River hydro_1 0.1 True->Dry (10th percentile)
.g Wi hydrograph ydro_=_%. y P
G hydro_1 0.5 True->Average (50th percentile)
hydro_1 0.9 True->Wet (90th percentile)
(l;lrjilrzgaged grouped_out_unmanaged_0 True->lower discharge

grouped_out_unmanaged_1

True->current discharge

grouped_out_unmanagetl

True->higher discharge

lower outlets

grouped_out_lower 0

True->lower discharge

grouped_out_lower_1

True->current discharge

grouped_out_lower_ 2

True->higher discharge

diversions
outlets

grouped_out_diversions_0

True->lower discharge

Policy L ever

grouped_out_diversions_1

True->current discharge

grouped_out_diversions_2

True->higher discharge

Neptune Pass

out_ostrica_0.5

True->lower discharge

out_ostrica_1.0

True->current discharge

out_ostrica_1.5

True->higher discharge

Bonne Carré

out_bonnetCarré 0.9

True->lower discharge

out_bonnetCarré 1.0

True->current discharge

out_bonnetCarré 1.1

True->higher discharge

5.1 VULNERABILITY ANALYSIS

Vulnerability analysiswas used tadentify combinations of environmental forcings gumalicy choices
thatcauseundesirable outcomes one metric of interesit a time Classification andRegressiorree
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(CART) diagramswvereused to understand the key drivers of vulnerability for each metric. CART creates
a stepby-step process thappliesquestions or rules to separate data into specific categdne,
fivulnerabl®é a n dulnédrabdét f ut ur ed andaopihpointithe mast influential factors that
affect vulnerability Therequired input to this classification algorithwias a threshold thatetermines
whether an outcome belongs to one of two classes. Ideally, for calibrated models aokbantydefined
decision problems, this threshold can be informed byweald experiences and conceritsthe absence

of these ideal conditions, the thresho#thinsteadbe determinedrom the statistical distribution of

metrics in the output®l meaningful threshold is one that results in a mix of vulnerable and non
vulnerable outcomes. Exploring model outputs to identify such thresholds can help deeik&ya better
understand model performance and gain insights for model improvement and calibtat@action
focuseson the key drivers of vulnerability, examining one metric at a time. Subsequent analyses could
address questions such as: 1) how the key drivers of vulnerability differ across metrics, and 2) which
metric® and therefore which vulnerabilities decision nrak@rioritize. These follovon iterations can

build on this initial exploration, drawing additional insights from traffeanalysis (see Section 5.2).

In this vulnerability analysis, thresholds indicating a vulnerable outomareset based othe statistical
distributionof metricsin the outputs of the BAU strategable4 shows the thresholds used for the four
metrics treateavith vulnerability analyseBecause the HERAS model is not calibrated to dredged
volume, the flexibility and utility of this approachshownby applying thresholds that are computed as
data percentiles rather than derived from real world values. These thresholds are chosen to capture
significant but not extreme conditions for that specific metric, leading to a meaningful classification of
scerariosto fivulnerabl® andfnotv u | n e.rf~ar bachemietrithe simulated Strateffycenario

conditionis clas¢fied as "vulnerable" if at any point it exceeds the vulnerability threshold for metrics that
should be minimized or falls below the threshold for metrics that should be maximized. The same
vulnerability thresholds are used across river management stsateginsure meaningful comparisons.

Table 4. Vulnerability analysis thresholds based on the statistical distribution of metrics in the outputs of the BAU
strategy

Metric Threshold Value Desired direction
h P . L
Southwest Pass dredged 99" percentile 7.80x10CP ft3 Minimize
volume
Barataria sediment h : 2 Tt
. 5% percentile 7.09x10* ft Maximize
delivery
Breton sediment delivery 5 percentile 412103 Maximize
Baton Rouge flood stage 90" percentile 39.3ft. Minimize

There aréwo uncertairenvironmentafactors eustatic sea level ris&R) andMississippi River
hydrograph percentil@vith threeleversof dry, averageand wet) There are fivdeversin termsof outlet
dischargethreeoutletgrous (diversionsUnmanagedJpper, andUnmanaged.owen and two
individual outlets(Bonne Carr@andNeptunePass Tablel).

For each vulnerability metric, two CART vulnerability analyseseperformedn Pythonto answer the
following questions
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1. Which levers and uncertaintieare the key drivers of vulnerability?
To answer thisan analysis is performed using both environmental forcings and policy levers to
identify which combinations of paths have vulnerable outcothesebyallowing the user to
observawhetheracceptable futussexist inthe output data set with respect to the chosen metric
and vulnerability threshold

2. Under potentiallyvulnerableenvironmental conditions, which levers can mitigate
vulnerability?
A second analysis is then produced where environmental forcings and policy levers are strictly
separated in the CART. This allows users to first identify combinations of environmental forcing
wherevulnerablepaths exist, and then provides a simplified visual gtoddentify the most
impactful policy levers that can be applied to achieve less vulnerable outcomes.

An annotatedexplanatory key for the CART diagranssgivenin Figure12, showing howthe

vulnerability in theoutput space iguantifiedanddisplayedo present an organized picture of relevant
environmental factors and policy leveEachtreehas three primary componenty nodesrepresent a

splitin the vulnerability space based ugbe answer tatrue/falsequestion 2) branches Whensuch a

split is madethe CART shows two branchbased on the possible answ&d_eavesare endpoints
containing the final vulnerability classificatioBach split is chosen to minimize the Gini impurity metric
(Gini, 2005) whichindicates whethewne outcomeuulnerablevs. nonvulnerable)dominate (Gini = 0)

orif there is a more even mix of outcon(€ni = 1). Since the algorithm selects the best split at each
step, earlier splits typically have a greater impact on predictive performance. While the top split is often
highly influential, it is not the sddmaynmeasur e
appear at the top of the tree but can be used multiple times across different branches, resulting in high
overall importance. However, tleel g o r ¢hoide of 8pditting variables and their hierarchy provide a
useful indicator for identifying &y drivers of vulnerability.
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1. The highest node of the analysis starts with 1458 runs, of
which 827 are deemed vulnerable based on the tested metric
and defined vulnerability threshold (in this case, the
Southwest Pass Dredge Volume metric). The node is therefore

Samp|eS = 1458 marked as Vulnerable and colored in an orange shade. The
value = [827, 63 1] intensity of the color is relatively light because the balance of
class = Vulnerable vulnerable vs not vulnerable runs is somewhat balanced.

High SLR used the High SLR environmental forcing.

2. The first split is made based on whether the condition High
SLR is True or False. Because the same number of simulations
were run with High SLR as with Low SLR, this is an even split,
with the left and right branches representing False (j.e. Low
SLR) and True (j.e. High SLR), respectively.

samples = 729
value = [567, 162]
class = Vulnerable

Wet Hydrograph

samples = 729
value = [260, 469] 3. Ofthe 729 runs that were done with Low SLR, 567 were
class = Not Vulnerable vulnerable and 162 were not, so this set is marked
“Vulnerable”/ The next split in this branch will be done on the
basis of whether these runs were performed with a Wet
Hydrograph (see Table 3).

Unmanaged outlets, high Q

4, Ofthe 729 runs that were done with High SLR, 260 of them
were vulnerable and 469 were not, so this set is marked “Not

basis of discharge through the Unmanaged Outlets was high.

Figure 12. Analysis key for CART diagrams

5.1.1 Southwest Pass Dredge Volume

In this sectionCART analysesareperformed on the basis of the Southwest Pass Dredge Volume metric.
Results are identical for the BAU, Flatpeaks, and Lowpeaks strategies

Among both levers and uncertainties, which factors are the key drivers of vulnerability?

The CART analysis shown Figurel3 combines both the environmental forcings and policy lezers
equivalentsBased on the prdefined thresholdTable4), CART classifies 827 of the 1,458 individual
simulations modeled for the BAU strategy as vulnerable, and 631 as not vulnerable. The CART output
identifies SLR forcing as the primary splitting factor.
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Figure 13. Combined uncertainty and lever CART for Southwest Pass metric in BAU strategy. The results are
identical for Flatpeaks and Lowpeaks under adjusted flow river strategies. The boxes with purple borders are
uncertain factors. The boxes with green borders are levers.

For Southwest Pass Dredged Volurhiagh SLR (RCP 8.5right branch)was projectedo require less
dredging to maintain Southwest Pas spartieubariyghtemi | ity
discharge from unmanaged and lower outlets is not increased. However, if discharge froatlebth
groupingsincreases under high SLR conditioabnost alloutcomes becomaulnerable.

The lowSLR scenarios (left brancl@ppearo increasevulnerability. Under low SLRdry conditions tend
to result in less vulnerable outcomes, whereas average and wet conditions lead to entirely vulnerable
outcomes.

It is likely thatlower vulnerabilityin this metricis counterintuitivelyassociated with higBLR because
increasedlow deptts will result indecreasedredging.

Under potentially vulnerable environmental conditions, which levers can mitigate vulnerability?

The Segmente@ART (Figurel4), is performed inwo iterationgo firstidentify the keyenvironmental
drivers of vulnerabilitytop of thefigure), andsecondthe policy levers that can mitigatelnerability
within oneenvironmental scenaritottom of the figureputlined in redl.

For the environmental drivers, the resualts similar to those of the unsegmented analsss:
uncertaintyonly CART shows that loLR, followed by wet and average river hydrographs, leads to
vulnerability in the Southwest Pass dredge volume metric.

The second segment examines a condition where SLR is high and the river hydrograph isleadnage,
to a nearly even mix of vulnerable and not vulnerablieomesThe segmentation allows the user to
investigatewhich levers can be used to reduce or might further exacerbate vulneraidiéythis
environmental scenari@dwo actionable guidance items arise from this analysis
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1 Lower and/or constrainedischarge throughthe UnmanagedJpper andJnmanagd Lower
outletswere associated with reduced projected dredging needs in Southwest Pass

1 Allowing higherdischargefrom NeptunePassvas projected toeducethe need to dredge
Southwest Passhenhigherdischarge from both unmanaged and diversion outle&sealso

allowed

samples = 1458
value = [827, 631]
class = Vulnerable

High SLR

samples = 729 samples = 729
value = [567, 162] value = [260, 469]
class = Vulnerable class = Not Vulnerable

Wet Hydrograph Medium Hydrograph

samples = 486 samples = 486
value = [324, 162] value = [134, 352]
class = Vulnerable class = Not Vulnerable

samples = 243
value = [126, 117]
class = Vulnerable

Medium Hydrograph Wet Hydrograph

=

samples = 243
value = [1286, 117]
Q

samples = 243
value = [74, 169]
class = Not Vulnerable

samples = 243
value = [81, 162]
class = Not Vulnerable

class = Vulnerable

Unmanaged outlets, high

samples = 162
value = [48, 114]
class = Not Vulnerable

Lower outlets, high Q

samples = 54
value = [36, 18]
class = Vulnerable

Unmanaged outlets, medium Q

samples = 9
value = [6, 3]
class = Vulnerable

samples = 27
value = [9, 18]

class = Not Vulnerable

Figure 14. Segmented uncertainty and lever vulnerability analysis for Southwest Pass dredged volume metric in BAU
strategy.
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5.1.2 Sediment Delivery to the Basins

In this sectiontwo vulnerability analyses are presentiedt investigatsediment delivery to the Breton
and Barataria basin$he analyses are structured differerfitym one anotheto demonstrate flexibility in
analysis method& hefirst analysig(Section5.1.2.] addressethe combined sediment delivery to the
two basinsunder thehreestrategies with thexisting navigation channednd thesecond$.1.2.9
addresseBreton and Barataria separately

5.1.2.1 BAU and Adjusted Flow Strategies, Combined Sediment Delivery
Among both levers and uncertainties, which factors are the key drivers of vulnerability?

The CART analysis shown figurel5combines both the environmental forcings and policy levers as
equivalentsThe metric of interess thetotal sediment delivery to both Breton and Barataria basis
with the Southwest PatltS\WP Dredge Volume, th€ARTSs for theBAU and the two adjusted flow path
strategiesvereidentical(Appendix E) so only the BAUs shownhere.This strategy has,215

vulnerable and 243 nowulnerablecasesased orthe threshold defined fahis metric.

val=u24,2 4]
cl asVaul ne

Figure 15. Combined uncertainty and lever CART for Barataria and Breton sediment metric in BAU and adjusted flow
(Flatpeaks and Lowpeaks) strategies.

For projectedtotal sediment deliveryunder BAU operation conditiongariations in the sea level rise and
Mississippi River hydrograpéntirely drive the vulnerability distinctionEnvironmental forcings that

have dry hydrographs (left branamly resuledin reductions in projected sediment delivery to Barataria
and Bretorbasins (i.e.entirely vulnerable scenagp When the hydrograph is wéight branchin Figure
17), low SLRresults in completely vulnerable outconfless than desired sedimentidered)and high

SLR in completely noivulnerable outcome&lesired sediment delivered)he presence of wet river
hydrographs is the top tier driver of outcomes, and within the space of dry and average hyd8gRaphs
is critical in determining vulnerability.

There is no need to do a segmented analysis in thisheassuse the environmental scenarios on their
own produce perfect leaves with Gini £i@., either all vulnerable or all not vulnerahl®)ote, however,
thatchanges tohe vulnerability threshold may alter the combined tree, potentially incorporating levers
and thus necessitating a segmented analls&t saidin the example provided here, uncertainties are the
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absolute drivers of vulnerability for both Barataria and Breton under both BAU and adjusted flow
management strategies

5.1.2.2 Alternative Channel Management Strategies (Turn Right)

Among both levers and uncertainties, which factors are the key drivers of vulnerability?

Figurel16 shows the combined uncertainty and lever CARY the Barataria sediment delivery and the
Breton sediment delivery metricstime Turn Rightstrategy.

In Baratariathe initial Turn Rightruns had 437 vulnerable and 21 natulnerable scenarios. While the
initial state is mostly vulnerable rauteto less vulnerable outcomes (right branch) consists of high
discharge allowed from unmanaged outlets, wet hydrograph, and high SLR.

1 The magnitude of flow througmmanaged outlesmergeas the first (togevel) driver.
9 Given higter discharge from unmanaged outputs, vulnerability is associated with wet
hydrograph conditions and high SLR

In Breton theinitial Turn Rightruns had P96vulnerable and 162 natulnerable scenarios based on
vulnerability criterion defined in the introductioAs with Baratariathe initial state is mostly vulnerable
butarouteto less vulnerable outcomes (right branch) consists of wet hydrograph, high SLR, and high
discharge allowed froeptunePassBreton islessvulnerable than Barataria on the basis of this metric
overall, and the presence of Neptiassallows for significant policy influence over thmsver.

1 River hydrographevelsarethe first (toplevel) driver.

1 SLR emerges as the second {teyel) driver.

1 Under wet hydrograph conditions and high Shigher discharge froeptune Passan play a
rolein providingmore sediment tbasins.

sampkE4£86
val=u2R,4 6]32
cl asVsul ne

sampE243
val=u&ll6]2
cl assNsot Vul her abl

sampkeés
valuep21l
acl asvaul ne

Figure 16. Barataria sediment discharge (left) and Breton sediment discharge (right) CART.
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Which policy levers carbe applied tonitigate vulnerabilitythat is associated with specific
environmental forcing®

Nept umeai u

)a

Figure 17. Barataria sediment discharge initial uncertainty CART (left) and Leaf lever CART (right). The initial node of

the lever CART is highlighted with a red border in uncertainty CART.

In the first segment dhe Baratarissegmented analysfgigure 17) the CART shows that wet

hydrograph and higher SLR resultscenarios witlsediment delivered above the set thresfiiotd, less
vulnerable scenaripsThe second segment examines a condition where the river hydrograph is wet and
SLR is highto investigateheleversthatcan help reduce or might further exacerbate vulneramilitiyis
environmental scenaritt shows thahigh discharge from unmanaged outlets and low discharge from
NeptunePasscankeep the sediment delivered above the set threshelgd€ducevulnerability). Low or
current discharge levels from unmanaged outlets result in entirely vulnerable scenarios. Even if there is
high discharge from unmanaged outlets, if discharge Meptune Passemains at current levels or
increasesthe outcomes will still be entirely vulneralale well(sediment delivered above the set
threshold)

In Barataria, keping unmanaged outlets at higher discharge while maintainingdptunedischarge

tends tancreasesedimentransport to the basin (i.eeduce overall vulnerabilijy This suggests that

high discharges fromleptunePassarecapturingflows that would otherwise enter Baratafiis

interaction results from Grand Pass being included as an input the Barataria basin, a choice that would
likely be adjusted in future implementations.
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Similar to Barataria, thBretonuncertaintyonly CART shows thad wet hydrograph and higher SLR

result in less vulnerable scenari®be second segment examines a condition where the river hydrograph
is wet and SLR is higBy focusing on leverst investigateshe impact obutlet discharg@olicieson
reducing or exacerbating vulnerabilitythis environmentatondition Here the model projected that
Neptune Paswas the dominant lever, and the pattesas oppositdo the delivery of sediment to

Barataria. Only low discharge froNeptune Pasieads tareduced sediment transport into Brettrthe
discharge fronNeptune Passemains at current levels mrcreasesthe outcomes will still be entirelyot
vulnerable.

It is notablethatthe model projected thateptunePassvasa key driver in both Barataria and Breton
basins, but with different effects. This typere$ultis ideal forfurtherconsideration via tradeoff analysis
that isperformedin Section5.2

1
sampkE243
val=u&[ll 6]2

cl assNsot Vul erfa

sampk243
val=ugfll 6]2
abicl a=sNsot Vul e

}e

Figure 18. Breton sediment discharge initial uncertainty CART (left) and Leaf lever CART (right). The initial node of
the lever CART is highlighted with a red border in uncertainty CART.

5.1.3 Baton Rouge Flood Metric

A comparison between thimsegmented CARSTforthe Baton Rouge flood metracross all strategies
showed equivalent vulnerability in this metréxcept for Lowpeaks

5.1.3.1 All Management Strategies Versus Lowpeaks

Theunsegmente@ART analysis foBaton Rouge flood metrigrovides identical results in BAU
Flatpeaksandboth alternative channstrategiegFigure19). The graph shows that the two climate
uncertainties entirely drive vulnerability/invulnerability in both metrics.

Lowermost Mississippi River Management Program: Model framework adaptation and implementation for scenarios 3hd strategies



Low SLR(left branch)esults in entirely vulnerable scenar{fisod stage above the set thresholal)t in

high SLR scenari® (right branch)there are someonvulnerableoutcomes to be found in thigier
hydrographsSince the combined CART analysis results in a tree with only uncertain factors and perfect
leaves with zero impurity (Gini = 0), the first part of the segmented analysis produces identical results to
the combined analysiand ro further lever CART is generated

However, the hydrograph properties are also the subject bbthgeaks strateg¢Figure20). The CART
analysis for the Lowpealgovidesvery similar result$o that of the othersgxcept that in a high SLR
scenario, both dry and average hydrographdemhtonot-vulnerable outcomes instead of only dry
conditions in other river management strategies.

Noteagainthat changing the vulnerability threshold may alter the combined tree, potentially
incorporating levers, meaning the trees are sensitive to vulnerability thresholds.

sampk486
val=uz2@,2 4]3

abl e

Figure 19. Unsegmented CART for Baton Rouge flood stage BAU, Flatpeaks, and alternative channel strategies. The
boxes with purple borders are uncertain factors.
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Figure 20. Baton Rouge flood stage in Lowpeaks strategy. The boxes with purple borders are uncertain factors.

5.2 TRADEOFF ANALYSIS

In thetradeoff analysighe river management strategaescribed irChapter2 are investigatetb
understandhow to use available policy levei@ improvingthe performance dhe multiple metrics

under consideratiofcach strategy was subjectti@o environmentalorcings(SLR and river hydrograph)
that are out of management contab five policy levers related to outlet discharge rates (grouped lower
outlets, grouped diversions, grouped unmanaged outlets, Boanmébutlet, andNeptuneoutlet). This
experimental design provides 1,458 runs within each river management strategy.

However,unlike thevulnerability analysisthe tradeoff analysis focusestirelyon the impact of policy
leversthat are under decisiemaker contro(in this caseputlet discharggsEach environmentacenario

is a combination of levels of the two uncertain environmédatalngs The first iSSLR rise, which has

two levels (.6ft. over 50 years, and 2fb over 50 years while the second isver hydrographwhich

hasthree leveld dry (10th percentile), average (50th percentile), and wet (90th percentile). This gives six
environmental scenaripsach consisting of 243 runs

Theresults ofl,458runs of interest are displayedkigure2l, color coded byhe 243 runs done for each
environmental scenario. This figdrea parallel axis plad is the basis of the tradeoff analysesllows
relationships between multiple metrics of interest to be displayed in a single figure and compared
efficiently. Note that the direction of each axis is oriented such that matues considered by CPRA as
fidesirablé (i.e.,lower dredging needs in the Crossings and Southwest Pass and higher discharges of
sediment into Barataria and Breton Sound Basingp, regardless of whether that direction is increasing
or decreasingandthat the axesan show fundamentally different quantities and unitdengtill allowing
metric performanceé be meaningfully compared in this way Figure21there is one set of runs (RCP
4.5, hydro = 0.5) that stands out from the othethénCrossingsiredged volume metrid.he stark
difference is due to the timing of tfleod in thehydrograptthat was selected for input in these runs (see
the description of hydrograph selectiorSaction2.2.7). It is a physically plausible result, gas left in

the analysis, bt points to a need fdurthereffortsto standardize inputs in future uses of the LMR
DAF.
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Figure 21. Performance of all 1,458 runs in BAU, color-coded by the environmental scenarios, displayed as a parallel
axis plot. Each environmental scenario contains 243 runs. The direction of each axis is oriented such that the
desirable direction for that metric is up, regardless of whether that direction is increasing or decreasing. The leftmost
y-axis is presented as normalized units, while the native unites for each metric are given in their respective axis. The
y axis shows a normalized unit.

5.2.1 Tradeoffs within BAU

The tradeoff analysis within the BAU strategy is organized arfivadjuestiongposedoy CPRA The
first threeassess hownproved performance in one metric affggerformance in the otherahile the
final two are framed to focus on identifying influential policy levers.

1. Whenexamining simulations thabinimize Southwest Pas$redging, what are the tradeoffs with
other management metrics?

2. Whenexamining simulations thaninimize dredgingat the Crossingsvhat are the tradeoffs with
other management metrics?

3. Whenexamining simulations that maximisediment delivery to the Delta PlaingiBtariat+
Bretor), what are the tradeoffs with other management metrics?

4. What outlet dischargeversachie\e betterprojectedsediment delivery to BretdBoundand
Barataria basins améducemaintenanc@eedsat Southwest Pa8s

5. Do the scenarios that perform best ac®ssgthwest Pasiredge volume and basin sediment
delivery metrics havanythingin common regarding outlet discharge levels?

5.2.1.1 When examining simulations that minimize Southwest Pass dredging, what are the

tradeoffs with other management metrics?
Figure22 displays 243 scenarios within the selected environmental conditionS{IBand average
hydrograph) under thBAU strategyin a parallel axis plotAmong thesethetop 10% oibestperforming
scenarios irthe Southwest Pass dredging volumetricare highlighted in bluelhe besfperforming
scenarios are those that, depending on the described direction of the metric (e.g., maximize or minimize),
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fall below the 10th percentile (for metrics to be minimized) or above the 90th percentile (for metrics to be
maximized). Here, the dredge volume metric is to be minimized. Thus, tpetimpming scenarios are

those with a dredge volume at or below ththJfercentile The Figure23 showshow theselected 243
scenariognd thetop performers within that group compare with filé output space of this strategy.

Theresultsindicatethat scenarios with the best performance in terms of dredged volume at Southwest
Pass also perform relatively well in Breton sediment discharge and crossings dredged volume metrics but
exhibit lower performance in the Barataria sediment metric.

Highlight scenarios in 10th percentile for SWP dredged volume
RCP=4.5, Hydro_1=0.5
(stations-southwest-pass--dredged_volume: minimize -> Best 10% in Blue)

235.50K (y~3) 2.24K (y*~3) 2.64M (y~3) 867.83K (y~3)
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Figure 22. Tradeoff analysis focused on high-performing scenarios in Southwest Pass dredge volume.

Boxplots: SWP-dredged-volume
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Figure 23. Distribution of Southwest Pass (SWP) dredge volume metric values. The boxplot illustrates the distribution
of metric values, including the minimum, maximum, median (horizontal line), and mean (green triangle) for three
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different scenario sets. Outliers are represented by circles. From left to right, the boxplots show the distribution for all
1,458 runs in the BAU scenario, 243 runs in a specific environmental subset with Low SLR (RCP 4.5) and an average
hydrograph (hydro_1 = 0.5), and the top 10% of scenarios, which were highlighted in blue in the previous figure.
5.2.1.2 When examining simulations that minimize dredging at the Crossings, what are the

tradeoffs with other management metrics?
Figure24 displays 243 scenarios within the selected environmental conditionS(IBvand average
hydrograph) under thBAU strategyin a parallel axis plotAmong these, thbestperformingscenarios
in the Crossingsiredging volumenetricare highlighted in bluezigure25 showshow the selected 243
scenarios and the top performers within that group compare with the full output space of this strategy.

The graph indicates that scenarios with the best performance in terms of dredged v@tssiags
also perform relatively well in Breton sediment dischargeSmathwest Pasdredged volume metrics
but exhibitreduced sediment transportthee Barataridasin

Highlight scenarios in 10th percentile for Crossings dredged volume
RCP=4.5, Hydro_1=0.5
(stations-crossings--dredged_volume: minimize -> Best 10% in Blue)

235.50K (y~3) 2.24K (y~3) 2.64M (y~3) 867.83K (y"3)
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Desired Direction T

& & N *
& N

Figure 24. Tradeoff analysis focused on high-performing scenarios in Crossings dredge volume.
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Boxplots: Crossings-dredged volume
RCP=4.5, Hydro_1=0.5
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Figure 25. Distribution of Crossings dredge volume metric values. The boxplot illustrates the distribution of metric
values, including the minimum, maximum, median (horizontal line), and mean (green triangle) for three different
scenario sets. Outliers are represented by circles. From left to right, the boxplots show the distribution for all 1,458
runs in the BAU scenario, 243 runs in a specific environmental subset with Low SLR (RCP 4.5) and an average
hydrograph (hydro_1 = 0.5), and the top 10% of scenarios, which were highlighted in blue in the previous figure.

5.2.1.3 3. When examining simulations that maximize sediment delivery to the Delta Plain

(Barataria + Breton), what are the tradeoffs with other management metrics?
Figure26 displays 243 scenarios within the selected environmental conditionSIB@nd average
hydrograph) under thBAU strategyin a parallel axis plotAmong these, thbestperformingscenarios in
thedeltaplain sediment deliverynetricare highlighted in blugzigure27 showshow the selected 243
scenarios and the top performers within that group compare with the full output space of this strategy.

The graptshows a general tradeoff betwadgitaplain sediment delivery arBlouthwest Pasiredged

volume in which the highest performing scenarios in Delta sediment delivery show relatively low to
average performance in SWP dredged volume. The same scenarios show mostly average performance in
Crossings dredged volume.
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Highlight scenarios in 10th percentile for Delta sediement volume
RCP=4.5, Hydro_1=0.5
(stations-delta-delivery--outlet-sediment-discharge: maximize -> Best 10% in Blue)
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Figure 26. Tradeoff analysis focused on high-performing scenarios in the Delta Plain Sediment delivery metric.
Boxplots: stations-delta-delivery--outlet-sediment-discharge
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Figure 27. Distribution of Delta plain sediment delivery metric values. The boxplot illustrates the distribution of metric
values, including the minimum, maximum, median (horizontal line), and mean (green triangle) for three different
scenario sets. Outliers are represented by circles. From left to right, the boxplots show the distribution for all 1,458
runs in the BAU scenario, 243 runs in a specific environmental subset with Low SLR (RCP 4.5) and an average
hydrograph (hydro_1 = 0.5), and the top 10% of scenarios, which were highlighted in blue in the previous figure.
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5.2.1.4 What outlet discharge levers achieve better projected sediment delivery to Breton Sound
and Barataria basins and reduce maintenance needs at Southwest Pass?
To answer this questiothe same set of metrics waletted butindividual runs werdighlighted based
on the outlet discharge policy levers. This analysis revealed that the group of unmanage(rimuttets
28) andNeptunePasgFigure29) have a more direct impact on the performance of timeggcs.
Specifically, the high and nemigh levels of these two outlet groupings show distinct differences in
performance across some key metr@theroutlet grouping that wereonsidered did not exhibit a
similar pattern

Theresultsshowthat high levels of discharge from unmanaged oufletsassociated wittelatively good
performance in sediment metrics and Crossings dredged vblutmere notassociated witimproved
performance of th8 WP dredge volume metriBy contrasthigh levels of discharge frodeptune

resulted in aelatively good performance in Breton sediment and SWP and Crossings dredged volume
metricsbut poor to average performance in Barataria sediment metric

In summary

1 High discharge frontNeptunecan help both Breton sediment discharge and SWP navigation ease
butunderstandablygoes not help Barataria sedimemtivery:.

1 High discharge frontheunmanaged outlets helgslivermore sediment to basins but does not
improve SWP navigation maintenance.

RCP=4.5, Hydro_1=0.5, Lever=grouped_out_unmanaged
235.50K (y~3) 2.24K (y~3) 2.64M (y~3) 867.83K (y~3)
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Figure 28. Policies within the environmental scenario are highlighted by the level of discharge allowed from the
unmanaged outlets (high: orange, low-medium: blue).
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RCP=4.5, Hydro_1=0.5, Lever=out_ostrica
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Figure 29. Policies within the environmental scenario are highlighted by the level of discharge allowed from the
Neptune (high: orange, low-medium: blue).

5.2.1.5 Do the scenarios that perform best across Southwest Pass dredge volume and basin
sediment delivery metrics have anything in common regarding outlet discharge levels?

To address this questiatie results under each of the three metrics were investigatedierstand what

combinations of outlet discharge levers thepepforming scenarios have in commaiis was

accomplished witka two-step process to screen the top scenatioScenariosvere rankedising the

composite score to find the top onaad 2)Within those top solutions, h e A P awa<identified s e t

where no othecaseis strictly better on all metrics

For calculating the composite scoeach metriavas convertetb a 0 1 scalebased on whether the
desired state i®r the metricdo be maximized or minimize@nd the results are summatb a single

i c o mp o s i Fifeeenscenariosewitiothe highest composite ssare then selectednd within those
top solutionsthe calculationfor non-dominatedscenarios resulted in 9 solutiofi®aretose). A solution

is dominated if another is at least as good in every metric and strictly better in at ledkitertkat these
scenarios are top performers across metrics and differ from the best 10% of scenarios highlighted in
Sections 5.2.115.2.1.3 which were selected based on the top 10% for individual metrics.

Figure30shows the 15 top performers based on the composite sc48 stenariosepresentingow

SLR and average hydrograpimder the BAU strategy.iTe c ol ored | i nes represent
(Pareto) scenariasithin the highest composite scorédl of the6 b e st  pcenaros have bigh

levels of outlet discharge from unmanaged outletsNemtune Passonsistent with the findings in the

previous section.
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235.50K (y~3) 2.64M (y"3)
1.0

0.8
0.6 4
0.4

0.2

0.0 . l

353.56K (y~3) 2.02M (y~3)

Figure 30. Top 15 scenarios based on the composite score.
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Table 5. Combinations of the outlet discharge levels allowed in 9 Pareto scenarios in the top 15 BAU scenarios based

on the composite score.

Diversion outlets Lower outlets | Unmanaged outlets BonnetCarré | NeptunePass
1 2 1 15
1 2 2 1.1 15
1 2 2 0.9 15
2 0 2 1.1 15
2 0 2 1 15
2 0 2 0.9 15
1 1 2 0.9 15
1 1 2 1.1 15
1 1 2 1 15

As can be seeinom Table5, all Paretoscenarios share the highest level of discharge allowed from
unmanaged outlets amdkeptune The levels are mixed in all other outlets, showing their less direct impact

on the overall performance of these three metrics.

5.2.2 Tradeoffs Between Strategies

The samestyle of tradeoff analysishat was used to compare the impact of policy levers within a strategy

can also be used compare performance between strategies.

Figure31 shows the average performance of 243 scenarios under the selected environmental conditions
(low SLR and average hydrograph) for each river management strategy. The BAU and adjusted flow
strategies (Flatpeaks and Lowpeaks) generally perform better on sediment delivery metrics at Barataria
and Breton but worse on ti#VPdredging volume metric compared to alternative navigation strategies
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(Turn LeftandTurn Right). While the range of the Crossing metricsisall Turn Right appears to
perform worse on this metric than the other management strategies

RCP 4.5 and Hydro_1 0.5
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Figure 31. Tradeoffs between management strategies considering average performance in the environmental

scenario.

Figure32to Figure35 show the range of performance for each management stiatdgyselected
environmental scenarié\ similar pattern emerges, where alternative navigation channel strategies reduce
dredging needs #teno longer neede8WPbut also decrease sediment delivery to the basin at both
Barataria and BretoiThelow values for dredging in the Crossings that are evideRignre33 and
Figure35result from the hydrograph selection that was described in the introduction to Se2tion
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Sediment Discharge (RCP=4.5, Hydro_1=0.5)
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T T
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Figure 32. The performance of river management strategies in Barataria and Breton sediment delivery across in the
selected environmental scenario.

Dredged Volume (RCP=4.5, Hydro_1=0.5)
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Figure 33. The performance of river management strategies in SWP and Crossings dredged volume metrics in the
selected environmental scenario.
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The range of performance for each management strategy across all environmental stewvesias
similar pattern as well

Sediment Discharge Metrics for 5 Management Strategies

Management Strategy

I BAU
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Barataria-sediment Breton-sediment
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Figure 34. The performance of river management strategies in Barataria and Breton sediment delivery across all
environmental scenarios.
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Dredged Volume Metrics for 5 Management Strategies
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Figure 35. The performance of river management strategies in SWP and Crossings dredged volume metrics across
all environmental scenarios

5.3 STUDY LIMITATIONS

This report describes tlimplementatiorof the LMR-DAF to projectthe performance of distinct river
management strategies as they were represented by the underlyirigAfE@Godel . Tackling realworld
policy decisions with this tool wiltequire broader stakeholder involvem@dalyanderet al., 2022)a
rigorousreview of historical data arfdture predictions anda comprehensive analysisth anexhaustive
examination obtrategiesforcings,and leversAs well, the choice of thresholds and vulnerability criteria
and the weighting of their importancan significantly change the outcomes of the anadysisthe
rankings of t MereoVeh thesjudgmerst of peufdrrance etter or worse) in each metric
is based on its relative range within the model outputs.

The interpretation of the numerical results must also be tempered with the simplicity of the way in which
outlet configurationsveremodified, boundary conditionsereconfiguredthechosen model domaiand

the single bathymetric initial condition thaasused.These results do well to demonstrate the capability

of the automation systetn modify, execute, and analyze model resttswvever these results are best

viewed as a firm foothold from which further progress can be made rapidly through refiretenway
management strategies, boundary conditions, and other model information are collected and implemented.

The results of this work provide a nowscisionsupport framework for evaluatingrge scale
management strategies under envinental scenarios thabme withlarge uncertaintpver the long term
(e.g.,50 years)However,it is beyond the scope tiie presengffort toinvestigag the physical basis for
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every resultfo improve or recalibrag thenumericalmodel on the basis ¢fiose investigations, ¢o
iterativelyimprove upon the decisions to identify an optimal implementation of any given strategy
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6 CONCLUSIONS AND NEXT STEPS

A key takeaway from the vulnerability analysis is that the influence of uncertain environmental factors
versus policydecisionlevers depends on the metoiCinterest Environmental uncertainties (such as

eustatic sea level ris8I(R) andMississippi River dischargenay dominate sommetrics' vulnerability

while others allow more room for policy levers (such as outlet discharge rates) to nititigate

example, in the sample results, outlet discharge levers have a greater influencBauttihvest Pass

(SWB dredge metric, while environmental uncertainties are solely responsible for driving vulnerability in
the Baton Rouge flood metric. While these findings should be interpreted with caution due to the
limitations discusseth Section5.3, they offer valuable guidance on when and how to use decision levers.

Tradeoff analyss further provide valuable insights into how different outlet discharge configurations
affect specific metrics performance. For exampledémaonstratiomesults show that, for dredging
metrics and sediment deliveljeptuneandtheunmanaged outlets play a more direct rolmanagement
strategyperformance. However, these dynamics may shift depending on the metrics analyzed.
Understanding these tradeoffs helps decisi@kers design policy levers that align witanagement
goals while miimizing inefficiencies.

Tradeoffanalyseslso highlight how different river management strategies perform across various
metrics. For instance, the sample results indicate that sediment delivery to basins is significantly higher
underthe BusinesssUsual(BAU) and adjusted flow strategies compared to alternative channel
configurations. While this outcome may be expected based on the fundamental characteristics of the
management strategies, applying the same approach to other metrics can reveal mordradaoffed

into how policy levers interact with environmental scenarios. For exampleasieeffectiveoutlets for
intervention may differ between a hi§th.R scenario with wetiver hydrographs and a lo®LR scenario

with dry conditions.

In both the tradeoff and vulnerability analyses, the treatment of outlets is an important lever to influence
outcomes in the river. The specific groupings that were used in this prajdmt investigated for future
studies, but their importance in driving this analysis underscores the need to consider the entire network
of outlets in the lower river as an important component of any river management strategy.

Finally, this project represents a significant advance in the technical capacity connecting numerical
modeling with decision suppoffo connect aleterministicnumericaimodel with a decision analysis
framework, a custom model simulation framework was developed using Python 3.9 and configured for
each management scenario. The custom mademation systerranslates a management scenario
configuration into rurspecific model simulation information. As showrthis study; it is tractable to

create a mulfirocessing controller that copies a HRBS model, modifies files for ruspecific

conditions, controls HERAS simulation, and samples HERAS outputs in batches. This functionality

is novel, as the selected simulation model (HEAS) does not include lities of its ownto perform

these tasks. Furthermore, execution of thousands of RIEE simulations can be performed on relatively
modest computational hardware in relatively reasonable runtimes.
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In this example, a higherformance desktop equivalent virtual machine was able to complete simulation
of a management scenario (1,458 runs) in approximately 1.5 days. This performance allows for iteration
and refinement of simulation configuration with@ignificant delays. Once complete, thldR-DAF

includes a set dRobust Decision MakingRDM) analysis notebooks which can reproduce the
demonstration analysis contained in this report, but also offers a template for the creation of new RDM
analyses fronfuture simulations.

6.1 NEXT STEPS

To extend this workf is recommended that CPRA consider the following:

T

Extend the runs to full 59ear morphological simulations. This was not possible within the

current project both because of the time necessary to run longer morphology models, and because
of the time required for validatigiut it is a natural and achievable next step noweahat
prototypeLMR-DAF has been successfully implemented

Continued interaction with stakeholddpidentify and refine management strategiesjew
output, identify thresholdeindspecify where thehoice of modeled strategies, scenarios, and
leversdoes and does not reflect reabrld decision making.

Incorporate data driven hindcasts into the workflow. This would show the performance of
outcome metrics for time periods that decision makers and CPRA are familiar with and help build
connections for stakeholders to interact with the results.

Developa suite of visualizatianand interactive user tools to enable efficient ardkjoth
inspection of results during stakeholder engagements.

Adjust the dredging routines in the HERAS model so that they are more in sync wéhl
world operational dredging decisions. This will require both model improvements and continuing
sustained interaction with USACE dredging operatioasiagers

Apply the automatiosystemto one or several othéfEC-RAS models or link the framework to
other automated model§here is no one numerical model that can capture all of the behavior
necessary to guide decision making on the river. The automation capadiippedor this
project can play a major role in addressing that comlinatation.
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APPENDIX A. ALTERNATIVE FLOW SPLIT
DEFINITIONS

In the Adjusted FlowRatioatthe Old River Control Structu®RCS strategy, the input hydrograpas

altered so that the upstream boundary condition yields flows in the main stem that are consistent with the
flow ratios used Scenariosi8A in theOld River, Mississippi River, Atchafalaya River, and Red River
(OMAR) Study(see Table 4n Lewis et al., 2022)

The upstream boundary that is implemented irBirginessasUsualscenarios is assumed to represent

70% of the combined flow of the Mississippi and Red Rivers, consistent with the existing policy for
operating the Old River Control Structure. Below are descriptions of how each alternative is implemented
for the Alternaive Flow Split at ORCS scenarios, with Q_bau(t) representing the water discharge at the
upstream boundary as it is implemented inBAd&J case.

Note thatvariants that increased flow in the main stem of the river were not stable in th@RANEC
model(Section2.1.3) so HIGHPEAKS and LOWDIVERWerenot analyzedbut areincluded here
because they are available in tweled framework.

LOWPEAKS: 60/40during high flow, with 70/30 on lorterm basis through water volume
tracking. High flow is defined in the OMARtudyas when the discharge at
Tarbert Landing exceeds 1Mcfs.

Q- . -
5o ilN) oh AIvO o pianv ~,CEO
0 oh AZ£I0O o0 phr A A£O
HIGHPEAKS . 80/20 during high flow, with 70/30 on long term basis through water volume
tracking.
LlJ d \ F] A \ F‘_[ F'l[ = 2
5o i v o] AlvO o0 phtmn A A£O0
0 oh AFI0O0 o phtnmnAkZ£O
FLATPEAKS . Keep the hydrograph as defined except impose a maximum discharge of 1.25
Mcfs.
5o plt vimmm A£I00 o plt viwn A A£O
0 oh AFI0O o phk viwnAkLEO
LOWDIVE RT. Adjust the split tdoe 80/20 at all times.
0 6 -0 0o
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APPENDIX B. SEASONAL CORRECTIONS TO
HYDROGRAPHS
Prior to generatinghe representativieydrographs, the predictions at Tarbert Landing were assessed by

comparing the hindcast period to observational flow ftata the same period his comparison
identified a persistent bias in the model predictions that varied by nfeigtiréB-1).
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Figure B-1. Comparison of monthly mean daily flow values at Tarbert Landing for 1950-2005 from gauge data (black
dashed line) to 16 model predictions for RCP 4.5 (top) and 8.5 (bottom) climate scenarios. Note that here flows are

given in cubic meters per second (cms).

This bias was calculated for each model, RCP scenario, and month, then corrected for in the model
predictions (i.e., the correction for each month was applied to that month for all yéack) removed

the bias FigureB-2) while preserving the peaks and variability in the fléuig(reB-3 andFigureB-4).
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Figure B-2. Model predictions for 1950-2005 corrected based on calculated monthly bias for the RCP 4.5 (top) and
RCP 8.5 (bottom) climate scenario. The observational data (black dashed line) falls on top of the model predictions
(colored lines). Flows are given in cubic meters per second (cms).
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Figure B-3. Percent exceedance for corrected model predictions of flow (colored lines) compared to observed (black
dashed line) for the RCP 4.5 (top) and RCP 8.5 (bottom) climate scenario. Flows are given in cubic meters per
second (cms).

After correcting for bias, the process of generating the representative hydrographs consisted of the
following:

1. Identify a target flow duration curve for each climate scenario, weather condition (wet, dry, and
average), and future decade through statistical analysis of the 16 model predictions (50
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percentile for average scenario™&rcentile for dry scenario, and"9percentile for wet
scenario);

2. Identify the model prediction that most closely matches the target flow duration curve for that
weather condition, scenario, and decade by minimizing the sum of squared differences between
the flow duration curve for each prediction and the target;

3. Apply the best match scenario for each decade as the representative hydrograph (boundary
condition) for theLowermost Mississippi River Management Progi@iRMP) model for that
weather condition and climate scenario.
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Figure B-4. lllustration of selection of best-match hydrograph for each climate and weather scenario. The suite of
yearly model predictions for a particular climate scenario and decade (A; shown is RCP4.5 for the 2040s) is
compared to a target flow exceedance curve calculated as a percentile across predictions for that decade for all years
and model predictions (B; shown is the 50" percentile). The year and model prediction for that climate scenario and
decade that best matches the target (i.e., lowest least-square difference) (C; colors are the model predictions, black
dashed line is the garget) is selected as the hydrograph for that climate scenario, weather condition, and decade (D;
compares chosen hydrograph, in blue, to target, black-dashed line). Flows are given in cubic meters per second
(cms).
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APPENDIX C. OUTLET RATING CURVES

Base case rating curve for every ouitteuded in the HEERAS model.
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Figure C-1. Bonnet Carré outlet rating curve.
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Figure C-2. Davis Pond outlet rating curve
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Lateral Weir - Caernarvon - Diversion RC (Dummy Weir)
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Figure C-3. Caernarvon outlet rating curve
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Figure C-4. Mid-Breton outlet rating curve
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Lateral Weir - Mid-Barataria Diversion
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Figure C-5. Mid-Barataria outlet rating curve
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Figure C-6. Bohemia outlet rating curve
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Lateral Weir - Ostrica
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Figure C-7. Neptune Pass outlet rating curve
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Figure C-8. Fort St. Philip outlet rating curve
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Lateral Weir - Baptiste Collette - Diversion RC (Dummy Weir)
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Figure C-9. Baptiste Collette outlet rating curve
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Figure C-10. Grand Pass outlet rating curve

Lowermost Mississippi River Management Program: Model framework adaptation and implementation for scenariodnd strategies



Lateral Weir - West Bay + Cubits Gap and Overbank Flows - Diversion RC (Dummy Weir)
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Figure C-11. Rating curve for the combined West Bay + Cubit's Gap outlet
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Figure C-12. Combined rating curve for the South Pass + Pass a Loutre rating curve
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Lateral Weir - Southwest Pass at Mile 3.0 West - Diversion RC (Dummy Weir)
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Figure C-13. Rating curve for the SWP Mile 3 crevasse outlet
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Figure C-14. Joseph Bayou outlet rating curve
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Lateral Weir - Outlet W-2 and Overbank Flows - Diversion RC (Dummy Weir)
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Figure C-15. Outlet for crevasses and overbank flows in SWP.
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Figure C-16. Burrwood Bayou rating curve.
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APPENDIX D. COST TO RUN THE RIVER

Standardized Cost Compilation for Mississippi River Maintenance and Infrastructure

This analysis compiles and standardizes historical federal investment data related to the maintenance and
infrastructure of the Lower Mississippi RivitMR), focusing on dredging and civil works activities. The
objective is to provide a consistent financial basélie&pressed in constant 2022 doléate support

future planning, economic evaluation, and strategy development for river operations and sediment
managementStandardizing costs in this way eliminates the effects of inflation, allowing for méaning
comparisons of expenditures across different fiscal years.

It is importantto notethat the available data used in this cost analysis have varying levels of resolution.
Many civil works expenditures sourced from work plans are reported at a U.S. Army Corps of Engineers
(USACE) Division level, rather than a District or project level, mglht difficult to isolate costs specific

to theLMR or to any single state such as Louisiart# clarity and granularity of project descriptions

also vary significantly across fiscal years, with some line items referencingvidsimctivities (e.qg.,
Atchafalaya Basin) not directly tied to Mississippi River navigation or infrastructure. In addition,
dredging costs are sometimes captured in both prigeet records and Divisietevel work plans,

creating the potential for partidbublecounting when expenditures are combined. These limitations
should be kept in mind when interpreting the standardized cost summaries presented in this appendix.
Accordingly, when evaluating dredging costs for the Lowermost Mississippi River, jeetpevel

records compiled from the USACE New Orleans District (MVN) should be considered the most reliable
and preferred dataset (Section D.1).

All cost data were adjusted using the USACE Civil Works Construction Cost Index System (CWCCIS),
in accordance with guidance set forth in Engineer Manual EM-24113D4(USACE, 2021) Sections
D.1 and D.2 used the following formula to adjust cost to 2022 dollars:

008 ¢ [0k QWO GieMAGObE WPEITC G, ooy i vt ¢ 08 6 ¢ rabyo@in We&E O ¢
5L £ TOh QG0 G D000 6 & AP0 B! @i g

Supplemental Files:

The following files include excel spreadsheets that detail cost calculations for this analysis, along with
supporting data.

Mississippi River Ship Channel Navigation Maintenance Dredging Costs:

Filename: Dredging Report Master Sheet?d% Prices Converted to Present.11.10.22

Supporting Data: Multiple .pdf records (FY 192621) of dredging records sourced from USACE MVN.
Mississippi River and Tributaries Program Costs

Filename: MR&T_Cost_FY2011t02022
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Supporting Data: Multiple .pdf records (FY 202022) of Mississippi River and Tributaries Work Plans
detailing program costs.

Cost Summary:
Filename LMRMP_annual_costs
Supporting Data:

1 Dredging Report Master Sheet {(26) Prices Converted to Present.11.10.22
1 MR&T_Cost_FY2011t02022

D.1 MISSISSIPPI RIVER SHIP CHANNEL NAVIGATION
MAINTENANCE DREDGING COSTS

Dredging cost data were compiled for the Lowermost Mississippi River using records from the USACE

New Orleans District (MVN) spannirfgderalffiscal years 1996 through 2048dareincludedin this

appendixSome of thieffort was carried out jointly by Royal Engineering and The Water Institute

(Miner et al., 2024)Relevant feature codes derived from CWCCIS (Navigation Ports & Harbors,

Channels and Canals, and Beach Replenishment) were averaged, then a multiplier was calculated to
adjust cost by fiscal year based oomfigcdlyeardd2Z2r age o

Data from federdliscal years 2020 and 2021 were not included in this analysis due to incomplete

records; while dredged volumes were available, contract cost information was missing for those years,

which precluded the calculation of meaningful unit costs. The datasergaszgd by fiscal year and

dredging reach for example, Redeye Crossihgvith each record capturing both the total volume

dredged and the associated contract expenditure. These records were then used to calculate average unit
costs on a pecubicyard basidor each location and yeakn Excel workboolkcontairing the detailed

results and calculation methodologyincluded as an attachment to this apperitlie referenced

workbook is Dredging Report Master Sheet-g4§ Prices Converted to Present.11.10v##h dedicated

tabs and calculations by fiscal ye2022 dollars per cubicyarcdho t ab 6 Al | Reaches Summ
overallMississippiRived r edgi ng costs (2022 dol |l ar sAsumomaryt ab 6 S
of Mississippi Rivetannualdredgingcosts is shown ifrigureD-1.
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MR Annual Dredging Expeditures
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Figure D-1. Annual expenditures derived from USACE dredging data. Costs include dredging operations from
multiple locations (Shallow Draft Crossings, Deep Draft Crossings, Southwest Pass, etc.). For a detailed breakdown
of locations, refer to attachment on dredging costs and calculations.

D.2 MISSISSIPPI RIVER AND TRIBUTARIES PROGRAM COSTS

In addition to dredging, cost data were compiledtEmns such akevees, revetments, and structural

improvements as part of the Mississippi River and Tributaries (MR&T) civil works program. This

information was sourced from publicly available USACHil Works budgetsPublicly available records

include both budget justification sheets and annual work plans. Justification sheetsagmerppeiations
documents submitted as part of the Presidentés Bu
appropriatims funding allocations. Work plans are only available on restamting for fiscal year 2011

This analysis cataloged work plans that span fiscal yearsZIA2 and have been standardized in 2022

dollars, consistent with the reporting for the dredging data. Relevant feature codes derived from CWCCIS
(Navigation Ports & Harbors, Channels and Cariasees and Floodwalls, Floodway Control and

Diversion Structure, and Bank Stabilization) wesed to compile cost data, which was ttatjusted

based on the averagest associated witheathe at ur e codes® cost indices fr

A major challenge in interpreting the civil works data lies in the limited resolution of ptejegtdetail.

Many line items within the work plans, particularly those associated with levee and bank stabilization
work, are reported at the Division ledegpecifically the Mississippi Valley Division (MVI® which

includes multiple states and river segmentss reporting limits the ability to isolate expenditures for the
Lowermost Mississippi River. Project descriptions vary in detail across fiscal yedrsomie

referencing baskiwide activities such as the Atchafalaya Bagilso, disaster supplemental funds have

been included in this analysis and represent a significant portion of spending in given fiscal years. For the
period of analysis (2022022), disaster supplemental funds were received in fiscal years 2018, 2019, and
2022. AnExcel workbookMR&T_Cost_FY2011to20223ontainng the detailed results and calculation
methodologyis included as an attachment in this reparsummary of annual costs isastin in Figure

D-2.
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USACE Annual Expenditur@ddR&T Workplan
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Figure D-2. Annual expenditures derived from MR&T work plans by fiscal year. Costs include both construction and

operations and maintenance. Costs are reported in 2022 dollars. Disaster supplemental funds are included.

Despite these limitations, this dataset provides a valuable starting point for understanding the magnitude
and variability of federal investments in th®R system. It establishes a normalized baseline for
comparing costs across time and among river management activities, even whgraitfiee attribution

to specific locations or asset types remains constrained by the resolution of available documentation.
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APPENDIX E. ADDITIONAL VULNERABILITY
ANALYSES

E.1 INTRODUCTION

While tradeoff analysis is focused on metrics and levers, vulnerability analysis extends the focus to
uncertain factors. This document presents a demonstration of vulnerability analysis on three metrics that
were at the center of the tradeoff analysis destration: Southwest Pass dredge volume, Barataria
sediment delivery, and Breton sediment delivery as well as Baton Rouge flood stage metric. In particular,
the project team uses vulnerability analysis to answer the following questions:

1. Among both levers and uncertainties, which factors are the key drivers of vulnerability for each
metric?

2. Under potentially vulnerable environmental conditions, which levers can mitigate vulnerability?

Classification and Regression Tree (CART) analysis is used to understand the key drivers of vulnerability

for each metric. CART creates a stgpstep process that uses questions or rules to separate data into

specific categorigsh er e, fi Vul Neetr a\bd lemde raantdl €16 to pinpoini theemostondi t i o
influential uncertain factors that affect vulnerability. Trees have three main components; 1) Nodes which
represent a split where a question is asked, 2) Branches which show possible answers (Jraet-8)se

Leaves which are the endpoints that have the final classification. In CART, each split is chosen to

minimize the Gini impurity metric. In the vulnerability analysis, the Gini metric indicates whether

vulnerable scenarios dominate (Gini = 0) on+#vollnerable scenarios prevail (Gini = 0). Since the

algorithm greedily selects the best split at each step, earlier splits typically have a greater impact on

predictive performance. While the top split is often highly influential, it is not the sole reezisa

variabl eds overal/l contribution. A variable may n
times across different branches, resulting in high overall importance. However, the choice of splitting
variables and their hierarchy provida useful indicator for identifying key drivers of vulnerability.

For each metric, the project team performed two types of CART analysis: 1) with both uncertain factors
and levers and, 2) with uncertain factors first and perform a second CART on the leaves only with levers.
The first analysis corresponding to the firgegtion can be informative to see between the uncertain

factors and levers which might be key for the vulnerability of the metric. The second analysis
corresponding to the second question shows future scenarios where the metric might be vulnerable and
howthe levers can be used to prevent vulnerability.

Vulnerability thresholds for these metrics are set based on their statistical distiibatierbusinesas
usual (BAU) strategyTableE-1 below shows the thresholds used for the four metrics of interest.
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Table E-1. Thresholds used in vulnerability analysis

Metric Threshold Value
Z‘;ﬂ;hweﬁ Pass dredged volume - o0 percentile in BAU 7.802433e+06
Barataria sediment delivery §)d 5" percentile in BAU 7.098586e+04
Breton sediment delivery (yd 5 percentile in BAU 4.127000e+04
Baton Rouge flood stagé.j 90" percentile in BAU 39.3

These thresholdare chosen toapture significant but not extreme conditiémsthat specific metric

leading toa meaningful classification of scenari&®r each metric, a scenario is classified as

"vulnerable" if, at any point, it exceeds the vulnerability threshold for metrics that should be minimized or
falls below the threshold for metrics that should be maximized samaéAU vulnerability threshold

were usediCross river management strategies to ensure meaningful comparisons.

Two analyses were conducted for three metrics and the details of these are provided in the following
sections. However, the same approach can be taken to describe and understand any other metric trees.

E.2 SOUTHWEST PASS DREDGE VOLUME

E.2.1 Turn Right

hydro_rcp_8.5
gini = 0.359
samples = 162

value =[38, 124]

class = Not Vulnerable

gini = 0.498

samples = 81
value = [38, 43]
class = Not Vulnerable

Figure E-1. Combined uncertainty and lever CART for Southwest Pass metric in the Turn Right strategy

Keeping the same vulnerability criterion across management strafeigieseE-1), the alternative
channel strategies are generally less vulnerable in the Southwest Pass dredge volume metric.

Here, the initial Turn Right strategy runs had only 42 Vulnerable and 14Muinetrable scenarios based
on the vulnerability criterion defined in the introduction. From the tree, the following can be seen:
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0 When the hydrograph is not average, vulnerability is further reduced (left branch).
1 Right branch

i Left branch

o When the hydrograph is average, high discharge from the unmanaged outletemd low
discharge from lower outlets can increase vulnerability.

Under conditions with an average hydrograph and high discharge from the unmanaged
outlet,high SLR can reduce vulnerability.

CART can be usetb identify the key drivers of vulnerability for each metric among both levers and
uncertaintiesThe analysis reveals the following patterns:

1 River hydrograptemerges as the first (tdpvel) driver

1 Under average hydrograpdischargenanagemenirom unmanaged and lower outlégsrucial

1 High SLR can help reduce vulnerability

grouped_out_lower_2
gini = 0498

sal 81

value = [38, 43]

class = Not Vulnerable

gini = 0.483
samples = 27
value =[11, 16]
class = Not Vulnerable

F-igure E-2. Segmented uncertainty and lever vulnerability analysis for Southwest Pass dredged volume metric in the
Turn Right strategy.
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The first segment, the uncertairdply CART shows that average hydrograph and low sea level rise, lead
to more vulnerability in the Southwest Pass dredge volume niEigiare E-2).

The second segment examines a condition where the river hydrograph is average and SLR is low,
investigating which levers can be used to reduce or might further exacerbate vulnerability. This shows
that:

1 High discharge from the unmanaged and lower outltsncreasevulnerability significantly
and the opposite can help reduce vulnerability.

Under potentially vulnerable conditions, certain management levers can help mitigate vulnerability:

1 Maintaining lower discharge from the unmanagednd lower outletsd this significantly
reduces the likelihood of vulnerability

E.2.2 Turn Left

hydro_rcp_8.5
gini = 0.408
samples = 486

value = [139, 347]

class = Not Vulnerable

grouped_out_unmanaged_2
gini = 0.49
samples = 243
value = [139, 104]
class = Vulnerable

gini = 0.366 gini = 0475
samples = 108 samples = 162
value = [26, 82] value = [63.0, 99.0]

class = Not Vulnerable class = Not Vulnerable

Figure E-3. Combined uncertainty and lever CART for Southwest Pass metric in Turn Left strategy

Keeping the same vulnerability criterion across management strategies, it is shown that alternative
navigation strategies are generally less vulnerable in the Southwest Pass dredge volume metric.

Here, the initial Turn Left strategy runs had only 165 Vulnerable and 129&iima&rable scenarios based
on the vulnerability criterion defined in the introductigigureE-3).

1 Left branch

o When the hydrograph is not averagel the discharge from unmanaged and lower outlets
is not high vulnerability is further reduced

1 Right branch
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0 When the hydrograph is averaged SLR is lowhigh discharge from the unmanaged
outlet can increase vulnerability.
0 Under conditions with an average hydrograplhighSLR can reduce vulnerability.

CART can be usetb identify the key drivers of vulnerability for each metric among both levers and
uncertaintiesThe analysis reveals the following patterns:

1 River hydrograptemerges as the first (tdpvel) driver
1 Under not average hydrographschargenanagementrom unmanaged and lower outléts

crucial
1 Under not average hydrographschargenanagemenrom unmanaged and SLR is important

hydro_rcp_8.5
gini = 0.408

samples = 243
value = [139, 104

grouped_out_unmanaged_2
gini = 0.49
samples = 243
value = [139, 104]

class = Vulnerable

False True

samples = 27
value = [22, 5]
class = Vulnerable

gini =0.401
samples = 18
value =[13, 5]

class = Vulnerable

gini = 0.444
samples = 27
value =[18, 9]

class = Vulnerable

samples‘= 54
value = [18, 36]
class = Not Vulnerable

Figure E-4. Segmented uncertainty and lever vulnerability analysis for Southwest Pass dredged volume metric in the
Turn Left strategy
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Similar to Turn Right, the first segment, the uncertaomtly CART shows that average hydrograph and
low sea level rise, lead to more vulnerability in the Southwest Pass dredge voluméHRigrireE-4).

The second segment examines a condition where the river hydrograph is average and SLR is low,
investigating which levers can be used to reduce or might further exacerbate vulnerability.

9 Left branch

o Low discharge from the unmanaged and lower outlets can reduce vulnerability.

1 Right branch

o Under high discharge from unmanaged outlets;aorent (lower/higher) discharge
from Neptune Pass and lower outlets can increase vulnerability.

Under potentially vulnerable conditions, certain management levers can help mitigate vulnerability:

1 Maintaining lower discharge from the unmanaged and lower odtlétss significantly reduces
the likelihood of vulnerability.

1 Under high discharge from unmanaged outlets, management of Neptune Pass is crucial.
E.3 BARATARIA AND BRETON SEDIMENT DELIVERY METRICS

E.3.1 Alternative channel management strategies

Keeping the same vulnerability criterion across management stratbgiakernative channel strategies
exhibit a different pattern in vulnerability analysis for Barataria and Breton sediment delivery metrics.

Turn Left
Barataria sediment delivery

Under the Turn Left strategy and keeping the vulnerability threshold, all scenarios are marked as
vulnerable so no combined or separated CART can be developed.

Breton sediment delivery

The Breton combined and segmented analysis is identical to the Turn Right strategy.
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APPENDIX F. ADDITIONAL TRADEOFF ANALYSES

F.1 INTRODUCTION

For tradeoff analysjthe project teanboked at the five river management strateghesexperimental

design was created that provides a full factorial combination of the two uncertain environmental factors
(sea level rise and river hydrograph) and five policy levers related to outlet discharge rates (grouped lower
outlets, grouped diveimns, grouped unmanaged outlets, Bor@atréoutlet, and Neptune Pass). This

full factorial experimental design provides 1,458 runs within each river management sfiatagptal

of 7,290 model runéSeeTablel in main document)

Since the tradeoff analysis focuses on the impact of policy levergpipendixfocuses on a subset of the
runs within a specific environmental scena@ach environmental scenaiga combination of levels of
the two uncertain environmental factors. The experimental design consists of two environmental factors:
1) sea level rise, which has two RCP levels (4.5 and 8.5), and 2) river hydrograph, with thréedgyels
(10th percentilg average (50th percentile), and wet (90th percentile). This provides six environmental
scenarios:

1 Low sea level rise and dry hydrograph (RCP 4.5 affthg@centile hydrograph)

1 Low sea level rise and average hydrograph (RCP 4.5 dhgeB6entile hydrograph)

1 Low sea level rise and wet hydrograph (RCP 4.5 affch@€centile hydrograph)

1 High sea level rise and dry hydrograph (RCP 8.5 afithgecentile hydrograph)

1 High sea level rise and average hydrograph (RCP 8.5 &hoeBfentile hydrograph)

1 High sea level rise and wet hydrograph (RCP 8.5 affigefcentile hydrograph)

Each of these environmental scenarios consis2d®funsrom the full experimental design (1,458 runs

total). For this demonstration,ghow sea level rise and average hydrograph scenario as the base
environmental scenarivas selected by the project team to showcase the tradeoff analysis. Note that the
code produces the same graphs for all six environmental scenarios, and future work can compare how the
impact of levers might differ or be similar across these scenarios.

This demonstratiotis organizedgaround example questions that can be addressed using tradeoff analysis.
These questions focus on the tradeoffs between navigation (dredging volume) and ecosystem (sediment
delivery) goalsParticular attention is given the following metrics

1 Southwest Pass (SWP) dredging volume

1 Crossings dredging volume

9 Barataria sediment delivery

1 Breton sediment delivery

The example questions are:
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6. How does improved performance in one metric affect performance in the dtoerszample:

o When minimizing crossings dredging needs, what are the-tiéslevith other
management metrics?

o When minimizing SV dredging needs, what are the tradés with other management
metrics?

o When maximizing sediment delivery to the Barataria Basin, what are theofifadeith
other management metrics?

o When maximizing sediment delivery to the Breton Sound Basin, what are thefimde
with other management metrics?

o When maximizing sediment delivery to the Deltaic Plain (BA + BS), what are the trade
offs with other management metrics?

7. What are the most influential levers (outlet discharges) for achieving better performance in
sediment delivery to the Breton and Barataria basins and for reducing maintenance challenges at
SWP for navigation?

8. What do the scenarios that perform best across SWP dredge volume and basin sediment delivery
metrics have in common regarding outlet discharge levels?

F.2 WITHIN STRATEGY

F.2.1 Flatpeaks Strategy

How does improved performance in one metric affect performance in the others?
This section details the performance tradeoff between the metrics of interest.
When minimizing SWP dredging needs, what are the tradeffs with other management metrics?

FigureF-1 displays 243 scenarios within the selected environmental conditions (low sea level rise and
average hydrograph) under thiatpeaksstrategy. Among these, the scenarios in the lowest 10th
percentile for SWP dredging volume are highlighted in blue (Best 10%). The graph indicates that
scenarios with the best performance in terms of dredged volume at SWP (25 scenarios) also perform
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relatively well in Breton sediment discharge and crossings dredged volume metrics but exhibit lower
performance in the Barataria sediment metric.

Highlight scenarios in low 10 percentile for SWP dredged volume
RCP=4.5, Hydro_1=0.5
(stations-southwest-pass--dredged_volume: minimize -> Best 10% in Blue)

237.54K 2.30K 2.64M 880.45K
1.0 1 .
Legend
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Figure F-1. Tradeoff analysis focused on high-performing scenarios in SWP (SWP) dredge volume

FigureF-2 is a summary statistic and distribution plot of the metric of focus for reference.

Boxplots: SWP-dredged-volume
RCP=4.5, Hydro_1=0.5

550000 - J—
500000 -
450000 A
400000 A

350000
a —‘7

300000 -

Metric Value

250000 A L
=

200000 -
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Figure F-2. Distribution of SWP dredge volume metric values
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This figure shows the distribution of southwest pass dredge volume values under the Flatpeaks strategy,
for 1) all runs, 2) the environmental scenario subset, and 3) the 10 best percentile scenarios within the
subse(TableF-1).

Table F-1. Distribution of Southwest Pass Dredge volume results.

Metric Group Mean (yd®) StdDev (yd®) \
All Global 310,366.37 81,723.45 1458
SWRdredgedvolume Subset 283,198.18 2,6650.41 243

Subset Best 10 243,835.89 3,826.486 25

When minimizing Crossings dredging needs, what are the tradeffs with other management
metrics?

FigureF-3 displaysthe data fron243 scenarios within the selected environmental conditions (low sea
level rise and average hydrograph) undeRlagpeaksstrategy. Among these, the scenarios in the lowest
10th percentile foCrossinggredging volume are highlighted in bi(Best 10%) The graph indicates

that scenarios with the best performance in terms of dredged vol@nesaingg25 scenarios) also
perform relatively well in Breton sediment discharge 8kdPdredged volume metrics but exhibit lower
performance in the Barataria sediment metric.

Highlight scenarios in 10th percentile for Crossings dredge volume
RCP=4.5, Hydro_1=0.5
(stations-crossings--dredged_volume: minimize -> Best 10% in Blue)
237.54K 2.30K 2.64M 880.45K

1.0
Legend
= Best 10%
0.8 1 =~ Others

Desired Direction

0.6 1

0.4 1

0.2
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Figure F-3. Tradeoff analysis focused on high-performing scenarios in Crossings dredge volume

FigureF-4 is a summary statistic and distribution plot of the metric of focus for referandshows the
distribution of Crossings dredge volume values under the Flatpeaks strategy, for 1) all runs, 2) the
environmental scenario subset, and 3) the 10 best percentile scenarios within thé\sshsstn, he
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environmental scenario shows relatively very low Crossings dredged vQlableF-2). Future work is
needed to investigate the underlying reason

Boxplots: Crossings-dredged volume

RCP=4.5, Hydro_1=0.5
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25000 A
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All 1,458 runs 243 Sublset runs  Best 10% o% the Subset

Figure F-4. Distribution of Crossings dredge volume metric values

Table F-2. Distribution of Crossings Dredge volume results.

Metric Group Mean (yd®) StdDev(yd3) \

Allruns 26,747.495 10,925.97 1458

Crossingsdredged volume Subset 2,367.198 32.154 243
Subset Best 10 2,313.536 8.038 25

When maximizing sediment delivery to the Barataria Basin, what are the tradeffs with other
management metrics?

FigureF-5 displays 243 scenarios within the selected environmental conditions (low sea level rise and
average hydrograph) under thiatpeaksstrategy. Among these, the scenarios inhiigaest10th

percentile foBaratariasediment deliverare highlighted in bluéBest 10%) The graph indicates that
scenarios with the best performance in termBavhtaria sediment delive(25 scenarios) perform
averagen Breton sediment discharge and crossings dredged volume metrics but exhibit lower
performance in th&WP dredged volummetric.

Lowermost Mississippi River Management Program: Model framework adaptation and implementation for scenarioddnd strategies
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Highlight scenarios in 90th percentile for Barataria sediment discharge
RCP=4.5, Hydro_1=0.5
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Figure F-5. Tradeoff analysis focused on high-performing scenarios in Barataria Sediment delivery

Boxplots: Barataria-sediment
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Figure F-6. Distribution of Barataria sediment delivery metric values

FigureF-6 shows the distribution of Barataria sediment delivery values under the Flatpeaks strategy, for
1) all runs, 2) the environmental scenario subset, and 3) the 10 best percentile scenarios within the subset

(TableF-3).
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Table F-3. Distribution of Barataria Sediment delivery results.

Metric Group Mean (yd®) StdDev (yd®) \\
All Global 2,544,820.1 500,733.4 1458
Baratariasediment Subset 2,339,077.6 147,185.1 243

Subset Best 10¥ 2,599,700.6 23,763.97 25

When maximizing sediment delivery to the Breton Sound Basin, what are the traegffs with other
management metrics?

FigureF-7 displays 243 scenarios within the selected environmental conditions (low sea level rise and
average hydrograph) under tRiatpeaksstrategy. Among these, the scenarios inhilgbest10th

percentile foBreton sediment delivergre highlighted in bluéBest 10%) The graph indicates that
scenarios with the best performance in termBreton sediment deliver{5 scenarios) perforwvery

well in SWPandCrossings dredged volume metrics but exhabigrageperformance in the Breton
sediment discharge metric.

Highlight scenarios in 90th percentile for Breton sediment discharge
RCP=4.5, Hydro_1=0.5
(stations-breton--outlet-sediment-discharge: maximize -> Best 10% in Blue)
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Figure F-7. Tradeoff analysis focused on high-performing scenarios in Breton Sediment delivery
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Boxplots: Breton-sediment
1e6 RCP=4.5, Hydro_1=0.5
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Figure F-8. Distribution of Breton sediment delivery metric values

This figure shows the distribution of Breton sediment delivery values under the Flatpeaks strategy, for 1)
all runs, 2) the environmental scenario subset, and 3) the 10 best percentile scenarios within the subset
(TableF-4).

Table F-4. Distribution of Breton Sediment delivery results

Metric Group Mean (yd®) StdDev (yd®) \\
All Global 853,425.9 137,096.4 1458
Bretonsediment Subset 790,654.7 48,319.76 243

Subset Best 10¥ 866,212.8 10,428.71 25

When maximizing sediment delivery to the Deltaic Plain (BA + BS), what are the tradeffs with
other management metrics?

The project team also looked at the same tradeoff but with combined Barataria and Breton Sediment as
Delta Plain sediment deliverfigureF-9 displaystheresults fron243 scenarios within the selected
environmental conditions (low sea level rise and average hydrograph) un8atfeakstrategy.

Among these, the scenarios in tlighestl0th percentile foDelta Plain sediment deliveare

highlighted in blugBest 10%) The graptshows a general tradeoff betwd@elta Plainsediment

delivery andSWPdredged volumgn which the highest performing scenarioPiglta Plainsediment

delivery show relatively low to average performance in SWP dredged volume. The same scenarios show
mostly average performance in Crossings dredged volume.
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Highlight scenarios in 90th percentile for Delta sediment delivery
RCP=4.5, Hydro_1=0.5
(stations-delta-delivery--outlet-sediment-discharge: maximize -> Best 10% in Blue)
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Figure F-9. Tradeoff analysis focused on high-performing scenarios in Delta Plain Sediment delivery
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Figure F-10. Distribution of Delta plain sediment delivery metric values

FigureF-10 shows the distribution of Delta plain sediment delivery values under the Flatpeaks strategy,
for 1) all runs, 2) the environmental scenario subset, and 3) the 10 best percentile scenarios within the

subse(TableF-5).
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Table F-5. Distribution of Delta plain sediment delivery values under the Flatpeaks strategy

Metric Group Mean (yd®) StdDev (yd®) \
All Global 3,398,246 620,219 1458
Subset 3,129,732 140,326.6 243

Delta-sediment
Subset Best 10¥ 3,377,450 34,572.42 25

What are the most influential levers (outlet discharges) for better performance in sediment
delivery to Breton and Barataria basins, and for ease of maintenance at SWP for navigation?

To answer this questiothe project tearplotted the same set of metrics but highlighted them based on

the levels of the outlet discharge policy levers. This analysis revealed that the group of unmanaged outlets
andNeptune Paslsave a more direct impact on the performance of these metrics. Specifically, the high

and nonhigh levels of these two outlet groupings show distinct differences in performance across some
key metrics.

FigureF-11displays 243 scenarios within the selected environmental conditions (low sea level rise and
average hydrograph) under tRiatpeaksstrategy. Among these, the scenavidth high discharge

allowed from the unmanaged outlar® highlighted irorangeand not high levels (lownedium) are
highlighted in blueThe graph showthat high levels of discharge from unmanaged outlets resulted in a
relatively good performance in sediment metrics and Crossings dredged \mitidiénot improvethe

SWP dredge volume metric

Figure F-11. Policies within the environmental scenario are highlighted by the level of discharge allowed from the
unmanaged outlets (high: orange, not high: blue)

FigureF-12 displays 243 scenarios within the selected environmental conditions (low sea level rise and
average hydrograph) under tRiatpeaksstrategy. Among these, the scenavidth high discharge
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