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1.1

Foreword

Appendix C z Environmental Scenarios

These technical documents were drafted in various stages of master plan development to support
modeling that occurred in late 200@arly 2012. Although the team tracked technical developments

and updates in the literature since that time, documentatiemot updated during this analysisis
envisioned that any developments not captured herein will be captured in future updates to the master

plan.

1.2

Introduction and Rationale

To address uncertainties in the coastal Louisiana landscape and inform th2012CoastalMaster Plan,
project performance wasevaluated across aange of possible future scenarios. Tlps document describes
possible future scenarics that reflect specific environmental uncertainties that impact coastal planning,
including sea levelrise, subsidence, hurricane frequency, hurricane intensity, Mississippi River discharge,
rainfall, evapotranspiration, Mississippi River nutrient concentration and marsh collapse threshold. A
number of risk reduction uncertainties were also considered bythe Risk Assessment model. Figure 1
shows which uncertainties serve as input to the various predictive models.

* Sealevel rise
* Subsidence
* Storm frequency
Storm intensity
River discharge
Rainfall
* Evapotranspiration
* Nutrients concentration
* Marsh collapse threshold

Environmental
Uncertainties

+ (oastal Population Growth

* Fraction of Growth:
Rural/Urban
Pumping Effectiveness

¢ Structural system fragility

* Effectiveness of non-
structural measures

Risk Reduction
Uncertainties

— | Assessment

Ecosystem Models

Risk

Model

Figure 1. A numbesf keyenvironmentaland risk reduction uncertainties were used as inputs to the predictive models.

In order to capture the full range of plausible future conditions and key scientific uncertainties, a high-

low boundary was set foreach uncertainty investigated. In some cases, ranges in values were selected by
modeling team members based on supporting science and theicollective best professional judgment.

For subsidence rates and values for the marsh collapse threshold, plausible ranges were determined by
panels of experts that were convened to specifically address those uncertainties. Nextvo

environmental scenaroswere developedto evaluate project effectstaking into account the uncertainties.
Theseenvironmental scenarios areconsidered moderate and less optimistic and were modeled using
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valuesselected for each uncertaintywithin the ranges described below. Moderate and less optimistic
AOOOOA OAAT AOET O AOA ./ 4 TAAT O O OAPOAOGAT O OAAROGO A

The environmental scenarios were paired with other scenarios reflecting uncertainty about future flood
risk and potential funding available during th e project evaluation. Note that these scenarios do not
necessarily cover the entire range of possible outcomes, but rather were designed to reflect substantially
different, but reasonably-likely conditions or assumptions to use when evaluating coastal resiration and
risk reduction projects.

The magnitude of uncertainty for any future condition or scientific issue is intrinsically difficult to bound
with upper and lower plausible values. It becomes even more difficult to select values within those
rangesto represent specific trajectories for those factors 56years into the future. In many cases CPRA
used best professional judgment backed by literature and expert opinion to assign estimates of moderate
and less optimistic conditions within the plausible ranges considered for each factor. The effect of varying
uncertainties will be explored as part of the predictive modeling output analysis, and CPRA will revisit

the ranges of these uncertainties as new data become available and the master plan is updated.

It should be noted that the uncertainties referred to in this document are fundamentally different than

the uncertainties described in the Model Uncertainty Analysis (Appendix D-27 - Model Uncertainty

'T Al UGEOQS8 (AOAET h O GrctérdtitaOviafchadde Ard 8hoult/bemhrBidetet whArO E OE T
planning 50years into the future, as a means of capturing a variety of potential conditions and/or

assumptions about how the system works. In the Model Uncertainty Analysis, uncertainties about

parameters within the models were tested and described.

1.3 Environmental Uncertainties Ranges and Values

A number of key environmental uncertainties were identified by the modeling teams. These includesea
level rise, subsidence, hurricane frequency, hurricane irgnsity, Mississippi River dischargerainfall,
evapotranspiration, Mississippi River nutrient concentration and the threshold of environmental
conditions that may lead to marsh collapse (e.g., salinity and inundation). Each of these parameters is
considered a system uncertainty, with the exception of the marsh collapse threshold, which is considered
a knowledge uncertainty.

Ranges of high and low values for each uncertainty were chosen based on expert panel recommendations
or by using best professional julgment. Backed by the literature,panel members and other technical
personnel considered how each uncertainty may vary over the next 50 yearstable 1 showshe plausible
range for each environmental uncertainty and also the actual values that were seléed from within each
range. These values were used to model moderate and less optimistic future conditions. Background
information on how ranges were selected as well as why specific values were selected is provided in later
sections of this document. Theuncertainty factors, as well as their ranges will be reviewed and updated

as necessary at a minimum of every 5 years for ongoing master plan updates.
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Table 1. Nine environmental uncertainties considered in the modeling effort

Environmental

: Plausible Range Moderate Value Less Optimistic Value
Uncertainty
Sea Level Rise | 0.12 to 0.65 m over 50 yearg 0.27 m /50 yr 0.45m /50 yr
(Appendix BEL Ece
Hydrology)
Subsidence 0 to 35 mml/yr; varies 0to 19 mm/yr 0to 25 mm/yr
spatially (values vary spatially) (values vary spatially)
(Appendix E2 Wetland
Morphology)
Storm Intensity | Current storm intensities to | + 10% of current intensities | + 20% of current intensities
+30% of current intensities
(Appendix E25 Risk
Assessment)
Storm -20% to+10% of current Current storm frequency; + 2.5% of current storm
Frequency storm frequency (One Category 3 or greater | frequency; (One Category 3
(Appendix E25 Risk storm every 19 yr) or greater storm every 18 yr)
Assessment)
Mississippi -7% to +14% of annual Mean annual discharge -5% of mean annual
River Discharge| mean discharge; adjusted fo (534,000 cfs) discharge
seasonality (509,000 cfs)
(Appendix EL Ece
Hydrology)
Rainfall Historical monthly range (+/ | Historical monthly mean -0.4 SD from historical
1 SD); varies spatially (values vary spatially) monthly mean (values vary
(Appendix Bl Ecoe spatially)
Hydrology)
Evapo Historical monthly range (+/ | Historical monthly mean +0.4 SD from historical meal
transpiration 1 SD); varies spatially (values vary spatially) monthly (values vary
(Appendix EL Ece spatially)
Hydrology)
Mississippi - 45% to +20% of current N { -12% of current Current concentrations
River Nutrient | P concentrations concentrations (mg/L) (mg/L)
Concentration | (Appendix Bl Ece Phosphorus 9.19 Phosphorus = 0.22
Hydrology) Nitrite + Nitrate = 1.1 Nitrite + Nitrate = 1.3
Ammonium = 0.038 Ammonium = 0.044
Org. Nitrogen = 0.67 Org. Nitrogen = 0.77
Marsh Collapse| Salinity (ppt) Mid-range values of salinity | Lower 25 percentile values
Threshold Swamp: 47 and inundation result in of salinity and/or inundation
Fresh Marsh: & collapse ranges result in collapse
Inundation (water depth, Salinity (ppt) Salinity (ppt)
cm) Swamp: 6 Swamp: 5
Intermediate Marsh: 3138 Fresh Marsh: 7 Fresh Marsh: 7
Brackish Marsh: 226 Inundation (waterdepth, Inundation (water depth,
Saline Marsh: 183 cm) cm)
(Appendix E2 Wetland Intermediate Marsh: 34 Intermediate Marsh: 33
Morphology) Brackish Marsh: 23 Brackit Marsh: 21
Saline Marsh: 21 Saline Marsh: 18
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1.4 Risk Reduction Uncertainties Ranges of Values

In addition to environmental uncertainties, a number of key uncertainties exist in terms of planning for
an effective risk reduction program. The risk reduction uncertaintiesinclude protection system fragility ,
pumping effectiveness coast widegrowth rate, population dispersion, and dfectiveness ofnon-structural
programs.

The risk reduction uncertainties are handled differently than the environmental uncertainties, as they are
not built around the M oderate and Less (otimistic scenarios, per se; ratherthe Risk Assessmentnodel
adds additional iterations of future uncertainty within each of thoseenvironmental scenarios. Therefore,
if the Risk Assessmentmodel applied all possible risk scenariosor two environmental scenariosto help
understand potential variations in future conditions, the experimental designs would yield in the tens to
hundreds of combinations / scenarios.

Additional information regarding these uncertainties and their ranges is provided inTable 2;however,
given the complexity of this set of uncertainties, detailed information regarding scenario generation is
provided directly in the Risk Assessment Model Technical Report (Appendix D25).

Table 2Ranges of values identified for the risk reduction uncertainties in coastal Louisiana

Risk Uncertainty Ranges Approach

This input is parameterized using the Factor of Safety (FOS)
calculation utilized by the Corps of Engineers for underseepage
slope stability failure modes. The probability of failure of the
protection system has four plausible levels: no failure, imedium,
and high. For the no failure case, we assume that the protection
system cannot fail. For the medium case, we assume that the vg
of the FOS for seepage and slope stability failures is 1.0. For the
and high cases, we assume values for the #fQSL and 0.9,
respectively.

This scenario uncertainty reflects the possibility that pumps
malfunction or become inoperable during a suiggsed flood.
Pumping 0/50/100% of Performance of all pumps is adjusted basedtus factor to provide
Effectiveness | rated capacity bounds on plausible damages with and without pumping. Similal
the IPET Risk and Reliability Analysis, the pumping system can
operate at three levels: 0, 50, or 100 percent of rated capacity.
Assets that can be damaged by flooding across coastal Louisian
expand according to discrete economic development cases. The
cases are anchored against population growth trends in Louisian
-1.0% to +1.5% yr prior to the 2005 hurricane season. Siikea!ly, this uncertainty
represents the annual coast wide population growth rate from
Coast wide Current: 0.67% 2011-2060, starting from a 2010 basis of 2,215,459 people (201(
Growth Rate T Census estimate). The ranges are derived from a review of histg
Census data, setting aside 268010 due to the confounding
effects of the four major hurricanes that occurred during this
timeframe. The lower bound represents no overall growth in
population on the coast. The upper bound is approximately 20%
higher than the average annual coast wide peapioin growth rate

Protection None / Low /
System Fragility Medium / High
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Table 2Ranges of values identified for the risk reduction uncertainties in coastal Louisiana

Risk Uncertainty Ranges Approach

from 19532000 (1.26%), and represents a doubling of the coast:
population over the 5§ear span. The mid (and nominal) rate is
exactly the observed coastal growth rate from 198mD0.

This uncertain parameter is designed to reflect changes in the
distribution of population between concentrated (urban) and
distributed (rural) asset areas. This parameter applies both to ne
growth and existing population@ng the coast. Urbanization

Egacjllzgoor: information for 2011 is drawn from the U.S. Census, using the
puiatl 76% to 86% G! NDly ! NBFaé¢ RSTAYAIGAZ2Y D | O
Growth in ~ o - . | .
Current = 81% Study Area population in South Louisiana lives in areas designa

Urban Versus . .

RuralAreas as urban. The lower bound fdneé scenario uncertainty parameter
reflects an urban/rural split more reflective of 1990 conditions (5
percentage point decline in urbanization), while the upper bound
simply an extrapolation reflecting plausible additional urbanizatig
(5 percentage pait increase in urbanization).

The effectiveness of nonstructural projects is characterized by Ig
Low 1640%, of voluntary program participation. Participation rates vary by

Effectiveness o] Medium 4660%, nonstructural project type elevation, floodproofing, acquisitions,

Non-Structural | Medium-High 70 and easements and range over four different scenarios

Programs 80%, and Full representing low, medium, mediwigh, and full participation.

Participation 100% | Specific values for each project type and participation scenario g
describedn Appendix @- Nonstructural.

1.5 Background Documentation (Environmental Uncertainties)
Background documentation for each of the environmental uncertainties is included in the following
sections. These sections include information on the values that were selected for each parameter to
represent Moderate and Less Optimistic future conditions & well as background information on how the
plausible high-low ranges were set. For additional information on the risk reduction uncertainties, please
refer to Appendix D-25 Risk Assessment Model and Appendix @ z Nonstructural .
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1.5.1 Sea Level Rise (SLR)

Sealevel change can cause a number of impacts in coastal and estuarine zones, including changes in
shoreline erosion, inundation or exposure of lowlying coastal areas, changes in storm and flood
damages, shifts in extent and distribution of wetlands andother coastal habitats, changes to groundwater
levels, and alterations to salinity intrusion into estuaries and groundwater systems (CCSP 2009). For
these reasons, it is considered a key driver in coastal planning efforts and an important component of #
2012 Coastal Master Plan modeling effort.

Sea level risSLR)ranges wereestablished on a large set of data and literature available at the time

(spring 2010). Only global SLRrates were used, as the subsidenceomponent of relative sealevel rise
(RSLR) is accounted for separately in the modeling effort. The low boundary for SLR assumed no
acceleration of the current rate beyond a recent observed linear rate of 3.1mm/yr, determined by satellite
altimetry, and yielded a total SLR of 0.12m over 50 yes(IPCC, 2007). The high boundary for SLR

assumed an acceleration of..005 X 16, consistent with the National Research Council (NRC 1987)

scenario used to define the high SLR scenario for the Corps (USACE 2009), and resulted in an SLR of 0.65
meters ovea 50 years (by 2060. Per input from the 2012 Coastal Master Plan Science and Engineering
Board, CPRA will also consider a SLR of 0.78 meters over the next 50 years (Vermeer and Rahmstorf,
2009) in later modeling efforts

1.5.1.1Range
Plausible Range over 50 year s: 0.2 - 0.65meters over 50 years

1.5.1.2Values Used in the Models
Moderate Projections: 0.27 meters over 50 years

Rationale: CPRA selected a moderate SLRPvasistent with the non-linear (i.e. accelerating) NRC |

scenario of 0.5 meters global SLR by 2100his value corresponds to the intermediate scenario defined in
USACE (2009) over the 50year master plan horizon. CPRA selected the NRC | value because it represents
a mid-range value of the plausible range and it is in line with the USACE intermediate &lue.

Moderate Calculation:
E (b-1986)E(t-1986)=a([s-1986}t1-1986])+b([t-1986]-[t;-1986])
E (20601986}E(20161986)=(0.0031)([2060986}[2010-1986])+ (2.36 X 10)([2060-1986]-[2010-1986])
E (74)E(24)=(0.0031)([74R4])+ (2.36 X 10)([74F-[24])
E (50)=(0.0031)(50)+ (2.36 X°)(5,476576)
E (50)=(0.155)+ (0.11564)
E (50)= 0.27064 m = ESLR

Less Optimistic Projections : 0.45 meters over 50 years

Rationale: Given the establishment of the NRC | scenario as the moderate value fohé master plan,
CPRA considered a less optimistic condition to be a scenariwvhere there the nonlinear acceleration in

the rate of global SLR would be greater than that of the USACE intermediate scenario. The next higher
scenario considered by NRC is the NRC Il scenario, which assumes 1 meter of global SLR by 2100. This
was considered the lss optimistic projection for the master plan, though it does not correspond to any of
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the USACE 2009 scenarios. The NRC Il value was selected because it represents a less optimistic value of
sea level rise when compared to the moderate value, withoutrepl®@ AT OET ¢ OEA Ox1 OOA AAO
plausible range identified (i.e., NRC IlI).

Less Optimistic Calculation:
E (b-1986)E(t-1986)=a([$-1986}t:-1986])+b([t-1986]-[t;-1986T)
E (20601986)E(201061986)=(0.0031)([2060986}{2010-1986])+ (1.005 X 19([2060-19867-[2010-1986])
E (74)E(24)=(0.0031)([74R4])+ (1.005 X 18 ([74F-[24])
E (50)=(0.0031)(50)+ (1.005 X*¥(6,476576)
E (50)=(0.155)+ (0.49245)
E (50)= 0.64745 m = ESLR

1.5.1.3Supporting Information for Setting the Range

Over the past seveal million years global mean sea level (GMSL) has varied principally in response to
global climate change (NRC 1987, IPCC 2007). As global climate warmed and the glaciers retreated,
water stored as continental ice was released, adding to the mass of waatin the oceans and causing
corresponding rise in GMSL. Global satellite altimetry data and recent publications (Merrifield &
Merrifield 2009) demonstrate that observed GSLR has not been evenly distributed across the world
ocean; estimates of SLR in th&ulf of Mexico are highly variable, with the general pattern of higher rates
of SLR in the center of the Gulf, near the Louisiana coastTherefore, it is important to complete the
regional interpolation of global results.

Recent climate research by the Itergovernmental Panel on Climate Change (IPCC) predicts continued or
accelerated climate change for the 21st Century and possibly beyond, which will cause a continued or
accelerated rise in GMSL. The science behind this is extensive and has prompted thenited States Army
Corps of Engineers (USACE) to require consideration of the effects of SLR on all civil works construction
projects in coastal and estuarine zones (USACE 2(0. The USACE plans their civil works projects over a
50 year planning horizon, & does the master plan.

An extensive literature review was conducted to ascertain theplausible range of ESLR in coastal
Louisiana, and the predictive modeling Technical Advisory Committeel(TAC) was asked to reviewthe
OAAI 8 0 AmhEEprialyisets of information were considered when setting the plausible 50 year
SLR range: the 2009 USACE SLR Guidance, a host of recent SLR literature, and recent altimetry data.

e The 2009 USACEGuidance calls for three ESR rates to be calculated low, intermediate, and high
(SLR Background Documentation jlbelow).

e The Corps guidance high rate seems to be greater than some recent estimates (seeR Background
Documentation 2, below), but in line with some others (e.g., Vermeer and Rahmstorf, 209).

! PM-TAC members: Steve Ashby, Ph.D., Research Hydrologist, {)Siddieer Research and Development Center, Vicksburg; John
Callaway, Ph.DAssociate Professor, Environmental Science, University of San FraBtiSooenstad, Research ProfesSahool 6
Fishery Sciencellniversity of Washington, Seatfland Fred Sklar, Ph.[@hief Scientist, Everglades Division, South Florida Water
Management District, West Palm Beach.
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¢ Recent altimetry data shows variation in rates across coastal Louisiana (s&.R Background
Documentation 3 below, Figures 2 and 3)however, eastwest variation (Figure 4) was not applied for
this effort, because IPCC (2007) indicates some patternsialtimetry data reflect cyclic/episodic
events (e.g., ENSO) and are unlikely to continue in longer term.

The low boundary for the master plan SLR range assumed no acceleration of the current rate beyond a
recent observed linear rate of 3.1mm/yr, based on 199803 satellite altimetry observations (IPCC, 2007),
and yielded a total SLR of 0.12m over 50 years@m 2010z 2060). This is only slightly lower than the
USACE low scenario of (USACE 2009) 0.16m over 50 years (Fig@je

The high boundary for the master plan SLR range assumed an acceleration of 1.005 X i€bnsistent with
the National Research Cound (NRC) Il scenario (NRC 1987) which is also used to define the high SLR
scenario for the Corps (USACE 2009). It resulted in a SLR of 0.65 meters over 50 years (from 202060),
Figure 2.

Per input from the 2012 Coastal Master Plan Science and Engingsy Board, CPRA will also consider a
SLR of 0.78 meters over 50 years (20P060) per Vermeer and Rahmstorf, 2009; this higher rate of SLR
will be considered in future modeling efforts.

The PM-TAC was in agreement with the approach taken for the master fan, and although the 2011
USACE Guidance was issued after the range was set, it is still in line with the initial range set for the
master plan.

0.7000

MNRC I (USACE High)

0.6000 =

— NRCII

1= NRC | (USACE Intermediate)
0.2000

0.1000 1™ Current Trends (USACE Low)

Gulf Water Surface Elevation Change
{meters)

0.0000
2010 2020 2030 2040 2050 2060

Figure2. SLRrends from 2010 through 2060.
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SLR Background Documentation z1

USACE2009 Sea Level Riséuidance

'l AADOET ¢ OEA 53 1'0i U #1 0PO 1 £ %l CEIT Alkw@iChange@d®BAAT ET A
Civil Engineering Design (C ircular No. 1165-2-211) for use in coastal Louisiana

In accordance with the IPPC reports which predict that sealevel rise will accelerate in the next century
and will likely affect a large fraction of coastal infrastructure, USACE civil works projects will now
incorporate sealevel change in to planning, engineering design, construction, and operating projects.
Planning and engineering design will consider the entire range of possible future rates of setevel
change, as it is highly uncertain. To produce effective plans in the face of this uncertainty, planning and
design alternatives will consider at least three different scenaos of sealevel rise: low, intermediate, and
high sealevel rise. More scenarios may be considered which would fall in between the low and high
values These scenarios are defined as follows:

Low Sea-Level Rise

Low sealevel rise is computed by extrapohting the current rate of sealevel rise into the future. This rate
will be derived from nearby tide gauges with an adequate data record to define a selavel rise trend (> 40
years). If reliable tide-gauge data are not available, hydrodynamic scientiststdNOAA CO-Ops should be
contacted for advice.

Low SLR (m) = Contemporary RSLR rate (m/yr) X Project Life (yr)

Intermediate & High Sea -level Rise

The intermediate and high levels of sedevel rise are estimated by computing a eustatic sedevel rise rate
using empirical functions derived by the NRQ2. The functions predict an accelerated sedevel rise rate as
compared to the IPCC (2007) predictions because it accounts for the possible deterioration of the
Greenland and Antarctic ice sheets, a phenomenonhat is not considered by the IPCC. The functions are
defined in the following section. The computed eustatic rate (for either the intermediate or high rate
scenario) is then added to the rate of vertical land movement (uplift or subsidence) likely affectirg the
project site. The rate of vertical land movement is estimated by subtracting the accepted rate of
contemporary eustatic sealevel rise from the contemporary value of sedevel rise measured at the closest
tide gauge (i.e., the rate of relative sedevel rise).

O | .-lveldebipeeingB a OADIT O

OQu

2EOT T OEA . AGEIT Al 2AO0OAAO0AE #1 O1 AEI
implications
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Intermediate/ High Relative Sdevel Rise (m) =
(Computed ESLR rate (m/yr) +Vertical Land Movement rate (m/yr)) X Project Life (yr)

Where the Computed ESLR ratés calculated by the function defined in the following section.
Computing the Eustatic Sedevel Rise (ESLR) rate using the NRC (1987) method
The ESLR ratedtion is derived as
E(t) =at+bt® (1)
where Eis the ESLR at timet (in m) ais the contemporary eustaticsealevel rise rate (the long term rate
(19502000) has been identified as 0.0017 m/yr although satellite altimetry data have shown the

contemporary rate (19932003) is closer to 0.0031 m/yrRt is the project life in years, andb is the
expected acceleation in the rise of eustatic sealevel over the project life. The suggested value:

for the intermediate sealevel rise,b = 2.36 X 10

for the high sealevel rise,b = 1.005 X 1t

However, these b values were derived from 1986 values so equatiorsloperationalized to solve for the
ESLR E) between to point in time, t;and t, as:

E (t,-1986)E(t,-1986)=a([t,-1986}t;-1986])b(([t-1986-[t:-1986f)  (2)

where t;is the initial year (i.e., the first year of the project) andt, is the year in which you are calculating
the ESLR for (i.e., the end of the project/design period).

® From IPCC 2007 AR4 Reporthttp://www.ipcc.ch/publi _cations_and_data/ar4/wgl/en/ch5s55-2-2.html
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22

Recently Published Sea Level Rise Rates

Value Units Time Period Method Comments
Date
Bahr et al. 2009 0.183 m 20002100 Analy}als of curr.ent Accounts for SII_R from glacial & |c.e sheet
glacial dynamics melt only; With no further warming
Analvsis of current Accounts for SLR from glacial & ice sheet
Bahr et al. 2009 0.373 m ~2000-2101 y . melt only; With current warming trend
glacial dynamics .
(no acceleration)
Bindoff et al. 2007 3.1 mm/yr 19932003 Altimetry based GIA adjusted
Geological analysis . . .
Blanchon et al. 2009 ~6 m 121 kyr BP ?coral) 4 SLR assumed due to ice sheet instability
Cazenave et al. 2008 25 mm/yr 20032008 Altimetry based Total sealevel, GIA adjusted
RACE i
Cazenave et al. 2008 1.9 mm/yr 20032008 GRACE (gravity Measured from a change in ocean mass
measurements)
RACE i
Cazenave et al. 2008 1 mm/yr 20032008 GRACE (gravity Only from ice sheets
measurements)
Cazenaveet al. 2008 0.31 mm/yr 20032008 Altimetry - GRACE Only steric (thermal expansion)
Cazenave et al. 2008 0.37 mm/yr 2004-2008 Argo Only steric (thermal expansion)
Cazenave etal. (after 2008 1.6 mm/yr 19932003 Altimetry based Only steric (thermal expansion)
Bindoff 2007) : 4 y y P
Cazenave et al. (after 2008 12 mm/yr 19932003 Altimetry based Only estimated land ice contribution
Bindoff 2007) : 4 y y
Cazenave et al. (after Mass balance model, . .
2 1.1 2 2 ly fi |
Meier et al., 2007) 008 mm/yr 0032008 remote sensing Only from glaciers and icecaps
20th ) .
Church and White 2006 1.7 mm/yr century Tide gau.ge & saellite
altimetry
mean
Ti Ili
Church and White | 2006 0 mmiyr 1820 ide gauge & satellite
altimetry
Tid & satellit
Church and White 2006 3 mmiyr | ~20002006 | | C 9auge & sateflite
altimetry
M SLR attributed to all mtn glaci
Hock et al. 2009 0.79 mm/yr 19612004 Mass balance model ean atn .u ed toal min glaciers
and ice cap melt
between
0.18 means of
IPCC 4 2007 059 m 19801989 Modeled
and 2090-
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Time Period Comments
2099
means of
0.18 198061989 With land ice melt (Antarctic &
IPCC 4 2007 0.79+ m and 2090 Modeled Greenland)
2100
Leuliette and Miller 2009 0.8 mm/yr 2004-2007 Argo Steric rise
Leuliette and Miller 2009 0.8 mm/yr 20022008 GRACE Mass rise
Leuliette and Miller 2009 15 mm/yr 2004-2008 Argo + GRACE Steric + Mass Rise
Leuliette and Miller 2009 2.4 mm/yr 20022009 Altimetry (Jason-1) Total sealevel, GIA adjusted
Leuliette and Miller 2009 2.7 mm/yr 2004-2009 Altimetry (Envisat) Total sealevel, GIA adjusted
Peltier 2009 0.63 mm/yr 20022007 GRACE & GIAModel (Ice) mass loss from Greenland
Peltier 2009 0.12 mm/yr 20022007 GRACE & GIA Model (Ice) mass loss from Alaska
Peltier 2009 0.34 mm/yr 20022007 GRACE & GIA Model (Ice) mass loss from Antarctica
Most probable considering kinematic
Pfeffer et al. 2008 0.8 m 2000-2100 Kinematic analysis constraints to land ice melting/ glacier
dynamics; >2 m rise unlikely
Rahmstorf 2007 | 05-14| m 1990- 2100 | Semiempirical model Using TAR scenarios, linear rise
assumptions, w/ land ice melt
Using TAR scenarios, linear rise
Rahmstorf 2007 0.38 m 199% 2100 Semiempirical model assumptions, w/ land ice melt, Lowest
rate Possible without a reduction in rate
Ramillien et al. 2008 0.19 mm/yr 20032006 GRACE (gravity Terrestrial Water
measurements)
Shgpardand 2007 035 mmiyr current Mass balance a‘nalysis, Current SLR due to ice shegt melt
Wingman (~2007) remote sensing (Greenland, west Antarctic)
0.07- Using long term geological data, w/ land
Siddall et al. 2009 682 m 2000-2100 Semiempirical model ice melt; Range based on IPCC 4
' predicted temp rise range
This is a temperature linked model that
when correlated over the past century
Vermeer and . . . . .
Rahmstorf 2009 0.79-1.9 m 19962100 Semiempirical Model (hindcasting) explains 98% of the
variance; It performs very well based on
the data
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SLR Background Documentation 73

USGS Altimetry Data on Sea Level Rise

Per Brady Couvillion and Greg Steyer, USGS

) < ;
: ‘-', -
D SRR S e
NOAA/Laboratory for Satellite Altimetry = 5

110 -8 -6 -4 -2 0 2 4 6
Sea level trends (mm/yr)

Figure3. Even at the global scale, it appears that the southeastern portion of the Louisiana coast is experiencing higher SLR
rates than that of the southwestern portion of the coast.
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Figure 4The average of points with an asterisk beside them is 3.04mm/yr, which is very close to the USACE SLR guidance of
3.1mm/yr for the entire coast.
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1.5.2 Subsidence

Resource management and policy decisions must consider the effects of subsidenass it is a key driver
AEEAAOET ¢ AEAT CA |, T OEAModgh dbsededhdied @ SubsidenteAspak t@doiderdad
magnitude in coastal Louisiana, with the largest values exceedind.0.0 mm yr1 [3 ft per century], there

are no procedures for predicting subsidencerates into the future for planning purposes.

To identify plausible ranges of future subsidence rates and assess spatial variation acsohe coast a panel
of technical experts was convened in September 2010. The product of this panel was a spatially explicit
map that representedfuture (i.e., 50 years)ranges of subsidence rates. The map divides the Louisiana
coastal zone into 17 areas,aeh with a unique range of possible future subsidence rates. These rates vary
significantly within and among areas, but in general the lowest rates (as low as Omm/yr) are found in
areas north of Lake Pontchartrain and in Western Louisiana and the highestates (up to 35mm/yr) are
DOEI AOEI U & O A ET OEA "EOAB80 &i1 O $Al OAs8
1.5.2.1Range

Plausible Range over 50 years: 0z 35 millimeters per year, depending on geographic area

1.5.2.2Values Used in the Models

Moderate Projections : Lower 20" percentile of the plausible ranges were selected for eachpecific
region

Rationale; Based onrecent research from USG%nd Kolker et al. 2011, subsidence rates in southern
Louisiana appear to be slowing. Because historical observations may represent ximum values to expect
in the future, the moderate projection values reflect a relativelylow rate within the plausible range for
each zone Because high values in the subsidence ranges account for outliers, CPRA used best
professional judgment to select he lower 20" percentile valuesof the plausible ranges under the
assumption that a moderate projection would be on the lower end of the range.

Less Optimistic Projections: 50" percentile (mid-point values) of the plausible ranges were selected
for each specific region.

Rationale: Based onrecent research from USG&nd Kolker et al. 2011, subsidence rates in southern
Louisiana appear to be slowing. Because historical observations may represent maximum values to expect
in the future, CPRA used best proéssional judgment to assign midrange values within the plausible

range for each zone as the less optimistic projection valuedt was assumed that midrange valuesof the
plausible ranges represent a reasonable less optimistic projection.

1.5.2.3Supporting Infamation for Setting the Range

This appendix details the results of an expert advisory panel meeting held oseptember 14, 2010 he
charge to the panel was to identify plausiblefuture (i.e., 50 yr) subsidence rangedor regions across
coastal Louisiana for use as input to the Wetland Morphology model.

Attendees : Mark Kulp (UNO), Michael Stephen (Coastal Engineering Consultants), Joe Dunbar (USAEEDC), Del Britsch
(USACEMVN), Roy Dokka (LSU), Kyle Straub (Tulane)Torbjérn Térngvist (Tulane), Chacko John (LGS), Denise Reed (UNO),

Mandy Green (CPRA), Melanie Saucier (CPRA), Jennifer Mouton (CPRA), Rick Raynie (CPRA), Ritkepllette (CPRA) , Clayton
Breland (CPRA), Steve Melton (CPRA), Kristen DeMarco (CPRA), Bridosburg (CPRA), Alaina Owens (Brown and Caldwell)
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Meeting Facilitator 7 Joseph Kelley, University of Maine

Planning Committee z Del Britsch (USACEMVN), Torbjérn Térnqvist (Tulane,)Carol Parsons (CPRA), Mandy Green (CPRA),
Denise Reed (UNO), Alaina Owens (Brown and Caldwell)

The causes of subsidence in coastal Louisiana are complicated as they include a multitude of
environmental processes and human activities. Likely, subsidence is caad by a combination of these
processes, with the relative influence of each dependent on the location the subsidence is observed and
the time period in which the observations are made. Therefore, a proper understanding of coastal
subsidence will be built on knowledge of each process as well as where and when each process is most
influential (Reed and Yuill 2009)

Contemporary research describes six primary processes causing subsidence in coastal (Reisthaad Y uill
2009):

e Tectonic Subsidence . Southem Louisiana contains many identified fault zones formed from the
development of the Gulf of Mexico basin and the Mississippi River Delta. Fault slip in these areas may
result in net downward movement of the surface topography and subsidence.

e Holocene Sedi ment Compaction . Large quantities of riverine sediment have been deposited within
the Mississippi River delta where it naturally compresses and consolidatesver time. Sediment
compaction reduces the overall volume of sediment initially deposited, resulting in subsidence.
Compaction rates are primarily controlled by properties of the sediments, the depth of the
compacting sediment column, the load imposed above the compacting sediments, and the time
dependent natural dewatering processes taking place withirthe sediment.

e Sediment Loading . The large load imposed by the accumulation of riverine sediment in the
Mississippi River Delta region since the last iceage has induced a downward flexure in the underlying
lithosphere causing regional subsidence.

e Glacial Isostatic Adjustment (GIA) . Coastal Louisiana lies just outside the periphery of the location
of a large ice sheet (the Laurentide ice sheet) that existed during the last icage. The strain of the ice
sheet on the underlying lithosphere produced uplift (a forebulge) due to isostatic compensation along
its outer margins. Ice sheet retreat during the Holocene has led to gradual subsidence along the
forebulge. The relatively high viscosity of the lithosphere produces a very slow response time to
loading and unloading.

e Fluid Withdrawal . Areas experiencing water and hydrocarbon withdrawal from subsurface
reservoirs have been spatially correlated to spatial gradients of subsidence southern Louisiana.
Fluid withdrawal induces a decrease in pressure within the reservoir which may promote local
sediment compaction or reactivate fault slip within the nearby fault zones that are often associated
with underground fluid reservoirs.

e Surface Water Drainage and Management . Anthropogenic manipulation of the regional hydrology
has drastically altered the magnitude and path of both surface and subsurface runoff. Dewatering of
formally inundated soil initiates sediment consolidation and the oxidation of soil organics which
reduces soil volume.
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These processes are not necessarily isolated mechanisms occurring independently from one another.
Some processes entail similar mechanics or they experience significant feedback from one another
making it di fficult to partition the causes of subsidence. However, to increas the efficiency of subsidence
management, it is desirable to know what subsidence processes may most influence a specific area and
which ones may be disregarded, even if the distinction isapproximated.

The Louisiana Applied Coastal Engineering and Science (LACES) division of CPRA engaged the Louisiana
Geologic Survey (LGS) to assemble available data on subsidence as part of their compilation of
Quaternary geology. This effort considers patsrates for which measurements are available rather than
estimating future rates. Although information on past subsidence rates is useful and the compilation will

be of great value both scientifically and for coastal planning, they cannot be used directlyo provide

future rates for several reasons including:

e Some approaches to measuring subsidence rates (e.g., C14 dating) average rates of thousands of years
and variation in rates over century time scales is masked,;

e Existing measurements of subsidence usig different techniques, e.g., C14 vs. reveling data, show
markedly different rates which could be caused in part by the different time scale of measurement;

e There is some evidence, e.g., the work of Morton and others, that subsidence in the late ?O:entury

xAO EECEAO ET OiI I A AOAAO OEAT OAAAECOI O1T A OAOBGAONG
e Many experts consider episodic events, e.g., fault movement, as important factors controlling

subsidence, and future fault movement may not be detected in measurement of past rates.

To ensure individual predictive models work together and with the Planning Tool, predictive modeling
team needed to identify subsidence rates that could be used (e.g., spatial and temporal units of variation,
and preliminary ranges for rates) in the very near term to meet he 2012 Coastal Master Plan schedule.
Although notional data could be used for this purpose, the issue of subsidence is so important that the
modeling team recommended that a map of subsidence ranges be developed for use in the master plan
effort.

A series of papers were reviewed prior to the panel meeting.

1. Denise J. Reed and Brendan Yuill (University of New Orleans): Understanding Subsidence in Coastal
Louisiana. A report targeted at resource managers that summarizes subsidence and the issues related
to subsidence in coastal Louisiana.

2. Del Britsch (USACE): Map of Relative Subsidence Rates. A map that displays natural long term
relative subsidence rates from radio carbon dating of buried peat deposits.

3. Roy Dokka(Louisiana State University), Giovanni Sela (NOAA/NGS), and Timothy Dixon (University
of Miami) : Tectonic control of subsidence and southward displacement of southeast Louisiana with
respect to stable North America A publication that states that GPS data collected between 1995 and
2006 suggest that southeast Louisiana, including New Orleans and the larger Mississippi Delta, are
both subsiding vertically and moving southward with respect to stable North America.

4. Timothy Dixon (University of Miami) et al: Subsidence and flooding in New Orleans. This publication
presents a subsidence map of the City of New Orleans, generated from spabtased synthetic
aperture radar measurements.
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5. Erik lvins (California Institute of Technology), Roy Dokka (Louisiana State University), and Ronald
Blom (California Institute of Technology): Post-glacial sediment load and subsidence in coastal
Louisiana. By using a viscoelastic Earth model, detailed geologic parameters and GPS data, this
publication demonstrates Holocene sedimentary loading in the Gulf and Mississippi Rier delta
capable of contributing to 1z8 mm/yr of subsidence over areas of 30.75 x 103 km2.

6. Mark Kulp (University of New Orleans): Thesis Chapter and Maps in Powerpoint A thesis chapter
and map showing millennial-scale subsidence patterns from agelepth relationships of buried peat
strata that have been corrected for paleo sedevel change.

7. Kurt D. Shinkle (NOAA/NGS) and Roy Dokka (Louisiana State University): Rates of Vertical
Displacement at Benchmarks in the Lower Mississippi Valley and the Northern @lIf Coast A report
that states that subsidence is occurring at substantially higher rates than previously reported and
proposes the need for a Height ModernizationProgram.

Panel Findings

The panel findings are summarized below with notes for each regiorand a coast wide map of predicted
future subsidence ranges.

Notes about the coast wide map:

e Spatial boundaries depicted on the map are subject to change and represent a broad characterization
of variation in subsidence rates across the coastvhich is appropriate for use in the 2012 Coastal
Master Plan update process.

¢ Ranges provided in this document should only reflect vertical lowering of the surface due to
subsidence. Rates do not include eustatic sea level rise.

¢ Ranges represent ambient future subislence ranges Effects of future projects on subsidence rates
(e.g., compaction due to loading)are considered elsewhere in the modeling process.

e This map maybe revisedfor future planning efforts following examination of the compilation of
historical and current subsidence rates being generated by the Louisiana Geological Survey.

Topics for future consideration:
Certain topics will need additional follow -up moving forward, as funding allows:

e For how long following active development do ridges subside agreater rates than the surrounding
marsh?

e Short-term (rapid) subsidence events vs. longterm (chronic) subsidence.
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Plausible Future Subsidence Ranges for Sub -regions of Coastal Louisiana

Notes to Support Subsidence Mapigure5

North of Lake Pontchart rain (Region 1) : The Pleistocene terracewas assigneda 0 mm/yr rate of
subsidence.

Lake Pontchartrain Region (Region2) &£OT i OEA 01 AEOOT AAT A O1T OOE O . Ax
South Point): Benchmark and tide gauge data sugges2-5 mm/yr of subsidence. A number of fault lines
running through the Lake are likely contributors to localized subsidence.

Pontchartrain Landbridge (Region 3) : Benchmark and tide gauge data sugges2-9 mm/yr of
subsidence, from the Rigolets to the Pearl River. Tére is a thin Holocene layer in this region, but still
areas of deep, soft soils and associated potentially high rates of localized subsidence.

Upper Terrebonne/Barataria (Region 4) : The upper basins have lower benchmarkoased subsidence
measurementsand were assignedsubsidence rates oR-10 mm/yr . Lower rate reflects maximum from
peat-based measurements.

Lower Mississippi River Corridor (Region 10) : A buffer distance along the Mississippi Riverwas

AOGOEI AOGAA AEOT 1 #1 0PO T £ %saquk (aphrdxd@ra@ly 20mlds brieihér sitleaf OO A OC
river). This region extends from New Orleans to Empire and is estimated to be subsiding at a rate &-25

mm/yr based on benchmark data and the thick Holocene package (overlies the 40m isopach unit).

Lake Borgne to the Chandeleur Islands (Region 11) : This region was assigned subsidence rates from
3-10 mm/yr . This is the depositional site of the St Bernard deltawhich includes sand depositsthat
undergo less subsidence due to compaction. However, there areigh rates of localized subsidence, such
as within Lake Borgne and in and around the MRGO region as documented by benchmark data.

Modern Delta (Region 12) : The river delta from Empire to the Gulf of Mexico had little data but was
estimated to have extremerates of subsidence 1535 mm/yr, based on the thick sediment package and its
compaction.

Terrebonne/Barataria coastal regions (Region 13) : Boundaries were selected to coincide with the 40m
isopach contour of Holocene sediment over the Pleistocene. The mage of subsidence values here-20
mm/yr , were observed in benchmark and tide gauge records. Numerous faults and oil and gas
production occur in this region and contribute to subsidence.

Atchafalaya region (Region 14) : The boundary coincides with the easern edge of the Pleistocene and
incorporates the modern delta. The range of subsidence values her&:10 mm/yr , accurately reflecs
benchmark and tide gauge measurements. The lower rate is higher than further west due to increased
Holocene thickness; theupper rate is lower due to a lack of active faults and human activities. Sediment
accretion from the Atchafalaya also compensates for some Holocene compaction on the delta.

Calcasieu/Mermentau and Teche (Region 15) : The rangeof values,1-15 mm/yr reflects very low
OOAOGEAAT AA OAOAO AAOA Aaon duriedlan@f@ris/péark anb m@ikHigheAValdesd A A O
based on some benchmark records. While most of the benchmarks were in the-80 mm/yr range, the

outliers around 15 mm/yr were near oil wéls, impounded areas, and/or fault zones that could continue to
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actively subside. The benchmark values reflect the past 50 years, and do not evaluate the consolidation of
the substrate above the base of the benchmarKswhile the lower rates reflect more than a thousand years
of subsidence.

Salt Domes (Region 16) : Deviations from these rates occur for the salt domes of the Five Islands within
this unit. The island features are uplifting® from 2mm/yr (long -term rates) to 3mm/yr (recent
measurements). Enhaned subsidence adjacent to the diapirs is accounted for within the regional range
of subsidence rates.

o Jefferson, Avery, Weeks, Cote Blanche, and Belle Island (Region 16) ¢: -3 to-2 mm/yr

Poldered Areas (Regions 5, 6, 7, 8, 9, and 17): The general appro&xihe applied to polders across the
coast is to use the low end value for the larger area within which it is found and a higkend value
depending on the geological setting.The low value represents the longterm (i.e., over millennia) rate of
subsidence ar the upper value reflects the potential for anthropogenic modifications including drainage,
loading by infrastructure, etc. associatedwith urban and agricultural development within poldered areas.

e Delta Plain: The high end value is 35mm/yr reflecting the great thickness of peat soils that could be
subject both to compaction and dewatering due to human activities within the polders.

o New Orleans metro, New Orleans East, West Bank, Jefferso(Region 5): 2-35mm/yr
Chalmette, (Region 6): 3-35mm/yr

St. Charles/Hwy 90 communities, (Region 7): 2-35mm/yr

Gheens,(Region 8): 2-35mm/yr

Larose to Golden Meadow, Clovelly farms(Region 9): 6-35mm/yr

o O O O

e Chenier Plain ": The high-end value is 6mm/yr due to their location on mostly Pleistocene deposits
which are less sibject to anthropogenically caused consolidation.

0 Lake Charles, Delcambre, Erath, and Abbeville(Region 17): X6mm/yr

* Geodetic and tide gauges generally do not measure subsidence of the surface of the Earth because they are attached to
monuments that penetrate into the Earth. Such methods cannot measure any subsidence that @tirs between the bottom of the
monument and the surface.

® For range of rates see Autin, W.J. 2002. Landscape evolution of the Five Islands of south Louisiana: scientific policy antt sa
dome utilization and management. Geomorphology 47: 227244.

®The Hackberry salt dome was not considered explicitly; it was assigned subsidence rates of Region 15.
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Subsidence Ranges
(2012 Master Plan)

¢ 1, 0 mm/lyr

® 2 2-5 mmlyr
@ 3, 2-9 mm/yr
® 4 2-10 mmlyr
® 5, 2-35 mm/yr
© 6, 3-35 mmlyr
® 7, 2-35 mmlyr
© 8, 2-35 mm/yr

© 9, 6-35 mm/yr

© 10, 6-25 mm/yr
® 11, 3-10 mm/yr
¢ 12, 15-35 mm/yr
© 13, 6-20 mm/yr
¢ 14, 3-10 mm/yr
® 15, 1-15 mm/yr

© 16, -3 - -2 mm/yr (Salt Domes)
© 17, 1-6 mm/yr (S.W. Polders)
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1.5.3 Storm Intensity

Understanding potential changes in storm intensity over the next 50 years is vital for the CPRA to
formulate a risk reduction program. This uncertainty involved modifying the current intensity of
storms to reflect likely changes in storm climates over the next 50 years. ffer examining

literature and consulting with the Risk Assessmentnodeling team it was decided that the current
state of intensity be represental as a 0% change and that any future storm scenarios would vary
around that value. Overall, hurricanes are predicted to become less frequent but more intense in
the future. However, warming sea surface temperatures in the Gulf of Mexico, a likely future
condition, could result in more frequent hurricanes in that area. The boundaries for intensity
were thus determined to be 0% to +30% of the nominal or current value of 0%.

1.5.3.1Range

Plausible Range over 50 years: 0% to +30% change from current

1.5.3.2Values Used ithe Models

Moderate Projections: +10% change from current

Rationale: Based on discussions with storm damage experts (Risk Assessment modeling team,
personal communication), CPRA used best professional judgment to select +10% of current storm
intensities to represent moderate projections. Current conditions represent the low end of the
plausible range, therefore +10% was considered appropriate for a moderate projection. Although
global and regional models typically predict these types of values out IDyears, potential change
was estimated at 50 years.

Less Optimistic Projections: +20% change from current

Rationale: Based on discussions with storm damage experts (risk assessment modeling team,
personal communication), CPRA used best professional jugiment to select +20% of current storm
intensities to represent less optimistic future conditions. A +30% change from current intensities
was set as the highest plausible value, therefore a +20% change from current was considered
representative of a less ptimistic projection. Although global and regional models typically
predict these types of values out 100 years, potential change was estimated at 50 years.

1.5.3.3Supporting Information for Setting the Range

Assessing potential shifts in storm intensity in coastal Louisiana is difficult due to the tendency of
these analyses to focus on global and Atlantic tropical cyclone patterns; little analysis has focused
on these patterns in the Gulf of Mexico. Dailyet al. (2009) describes that storms making landfall
on the East Coast have different genesis and intensification characteristics than those making
landfall on the Gulf Coast. The study indicates that weak tropical storms will likely increase as sea
surface temperatures (SSTs) increase, but no change is expedtm the frequency of hurricane
strength storms making landfall.

High resolution modeling results display an increase of 2030% in tropical storm intensity in the
TT OOEAOT EAI EOPEAOAGO xAOiI AO Al Ei AGAOG8 ! Oth®EA OT O
maximum wind speed for the remaining storms increased (Bengtsson et al. 2007). More recently,
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in their review of predictive models, Knutson et al. (2010) found that storms were becoming more
intense globally, experiencing an increase in wind speed afip to 11% (+21% of central pressure
fall). In some individual basins, projections had a much larger range (+15% or more), and those
models with higher resolution tended to show higher increases in intensity. Basic theory shows
that as temperatures warm, he potential for storms to increase in intensity increases (Emanuel
1987; Emanuel 2007; Emanuel et al. 2007).

Knutson et al. (2010) reviewed tropical cyclone projections since 2006 and found that most high
resolution models predict a decrease in the frequency of globally averaged tropical storms§% to
-34%) there is a significant increase (roughly 100%) in theéquency of high intensity Category 4
and 5 hurricanes.In addition, a new compilation from NOAA Geophysical Fluid Dynamics
Laboratory researchers (Bender et al. 2010) was able to reproduce both high intensity storms (i.e.,
Category 3 and higher) as well a weaker storms in a warmed climate using an ensemble of 18 high
resolution models. Similar to the findings of Knutson et al. (2010), the models in the Bender
compilation predict a decrease in the overall frequency of all tropical storms and hurricanes ¥ -
28%, an 81% increase in the frequency of Category 4 and 5 hurricanes in the Atlantic basin, and a
near doubling of Category 4 and 5 storms globally. The greatest change was seen as a maximum
220% increase in storms with wind speeds greater than 145 re# per hour (mph) for the ensemble
of 18 models. Although storm intensity is uncertain there is agreement in models that more,
greater intensity, storms are likely.

If current trends toward a warmer climate continue, it is predicted that globally the tot al number

of hurricanes may decrease, but that the frequency of stronger Category 4 and 5 storms will
increase (Anthes et al. 2006; Emanuel 2007, 200&manuel et al. 2007). Emanuel (2005) has

shown that since 1949 the annual duration of North Atlantic and Western North Pacific storms

that impact the East Coast has increased by about 60%, and in the same period the average wind
speed has increased by 50%. Concurrently, stronger hurricanes seem to have doubled in
proportion, although globally the total num ber of hurricanes has remained approximately the
same. Particularly in the North Atlantic, a correlation between increasing SSTs has been observed
simultaneously with a significant increase in tropical storm duration and frequency (Arpe & Leroy
2007; Emanuel 2005, 2007; Webster et al. 2005).

Although Gulf of Mexico-specific predictions are uncertain, we can assume that the intensity of
storms will follow the global pattern identified above by research, and that future storms will be
more intense than current levels. Because there is a gap in local research, and the predictive
models for the master plan only look ahead 50 years, we capped the upper end of the plausible
range at 30% above current, which is a lower value than identified in some model reviews.

Predictions are largely in agreement that overall there will be fewer tropical storms and
hurricanes globally (decreasing in frequency) but that the remaining storms proportionally will
increase in intensity. To clarify, globally there will be a greaterproportion of stronger category 4
and 5 storms, and those storms will be more intense with respect to wind speed and central
pressure, althoughoverall there is likely to be fewer storms.
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1.5.4 Storm Freqguency

Understanding potential changes in storm frequency over the next 50 years is vital the Coastal
Protection and Restoration Authority to formulate a risk reduction program. This uncertainty
involved modifying the current frequency (storms/degree longitude/year) of storms Category 3
and higher to reflect likely changes in storm climates. After examining literature and consulting
with the Storm Surge and Wave andRisk Assessmentnodeling teams, it was decided that the
current state of frequency be representedas a 0% change and that any future storm scenarios
would vary around that value. Overall, hurricanes are predicted to become less frequent in the
future. However, warming sea surface temperatures (SSTs) in the Gulf of Mexico, a likely future
condition, could result in more frequent hurricanes in that area. The current approach for storm
frequency s to start with the underlying rate from LACPR/IPET of 0.04 storms/degree/yearcoast
wide and then modify the rate of storms of category 3 or higherAccounting for this, the
boundaries for frequency should be-20% to +10% of the nominal or current value of 0%.

1.5.4.1Range
Plausible Range over 50 years: -20% to +10%hange from current

1.5.4.2Values Used in the Models
Moderate Projections: 0% change from current(i.e., approximately one Category 3 or greater

storm every 19 years)

Rationale: It has been posed that the frequency of hurricane formation in the Gulf of Mexico may
actually increase slightly in response to warming sea surface temperatures (SST). There is & fa
amount of certainty that SSTs in the Gulf will become warner, so we can infer that a few of these
storms forming in the Gulf will reach category 3 status and should be accounted for in the
environmental uncertainties. In a future with less frequencyof storms entering the Gulf from the
North Atlantic but more frequent storm formation in the Gulf, itis possiblethat the total number
of storms impacting coastal Louisiana may remain the sameBased on discussions with storm
damage experts (risk assessmenhodeling team, personal communication), CPRA used best
professional judgment to select current storm frequencies to reflect moderate projections.
Although global and regional models typically predict these types of values out 100 years,
potential change was estimated at 50years.

Less Optimistic Projections : +2.5%change fromcurrent (i.e., approximately one Category 3 or
greater storm every 18 years)

Rationale: If storm frequencies in the North Atlantic are not reduced and storm genesis increases
locally in the Northern Gulf of Mexico the frequency of hurricanes impacting the Louisiana coast
could potentially increase. Based on discussions with storm damage expis (risk assessment
modeling team, personal communication), CPRA used best professional judgment to select a
+2.5% change in current storm frequencies to characterize less optimistic projections. Although
global and regional models typically predict thesetypes of values out 100 years, potential change
was estimated at 50years.

louda Al Yyl Qa / 2YLINSKSYaA@dS al &aGdSNJ t €l
DRAFT 2012.01.12
PageG31



Appendix C z Environmental Scenarios

1.5.4.3Supporting Information for Setting the Range

Assessing potential shifts in storm frequency in coastal Louisiana is difficult due to the tendency
of these analyses to focus on glokl and Atlantic tropical cyclone patterns; little analysis has
focused on these patterns in the Gulf of Mexico. Daily et al. (2009) describes that storms making
landfall on the East Coast have different genesis and intensification characteristics than thee
making landfall on the Gulf Coast. The study indicates that weak tropical storms will likely
increase as sea surface temperatures (SSTS) increase.

Knutson et al. (2010) reviewed tropical cyclone projections since 2006 and found that most high
resolution models predict a decrease in the frequency of globally averaged tropical storms§% to
-34%) there is a significant increase (roughly 100%) in the frequency of high intensity Category 4
and 5 hurricanes.In addition, a new compilation from NOAA Geophysical Fluid Dynamics
Laboratory researchers (Bender et al. 2010) was able to reproduce both high intensity storms (i.e.,
Category 3 and higher) as well as weaker storms in a warmed climate using an ensemble of 18 high
resolution models. Similar to the findings of Knutson et al. (2010), the models in the Bender
compilation predict a decrease in the overall frequency of all tropical storms and hurricanes by
28%, an 81% increase in the frequency of Category 4 and 5 hurricanes in the Atlantic basin, and a
near doubling of Category 4 and 5 storms globally. The greatest change was seen as a maximum
220% increase in storms with wind speeds greater than 145 miles per hour (mph) for the ensemble
of 18 models. Although storm intensity is uncertain there is agreement in models that more,

greater intensity, storms are likely.

Researchers investigating historic storm patterns in the Northern Gulf of Mexico found an

increase in the frequency of weak tropical storms if SSTs are raised. According to the
Intergovernmental Panel on Climate Change (IPCC), it is considered likely that SSTs across all
ocean basins will increase in the future (Bengtsson et al. 2007). Dailey et al. (2009) evaluated the
relationship of SSTs and tropical storm land fall risk and determined thatstorms making landfall

in the United States Gulf Coast have different genesis and intensification patterns than those
making landfall along the East Coast. According to the analysis, under a warmer SST scenario,
storm genesis in the northern Gulf of Mexico will increase, but the close proximity to land will

likely not allow enough time for these storms to intensify before moving over land and

dissipating. For weak tropical storms, there was a 14% increase in the frequency of storms making
landfall in the Gulf, but almost no discernable change in the frequency of stronger, hurricane
strength storms in either warmer or cooler SST conditions. A recent study evaluating the
probability of intense hurricane strikes in the Gulf of Mexico based on sediment cores\\Vallace &
Anderson 2010) supports this analysis; cores can only detect the most intense storms and detected
no discernable trend in their frequency.

If current trends toward a warmer climate continue, it is predicted that globally the total number

of hurricanes may decrease, but that the frequency of stronger Category 4 and 5 storms will
increase (Anthes et al. 2006; Emanuel 2007, 2005; Emanuel et al. 200Bmanuel (2005) has
shown that since 1949 the annual duration of North Atlantic and Western North Pacific storms
that impact the East Coast has increased by about 60%, and in the same period the average wind
speed has increased by 50%. Concurrently, stronger hurricanes seem to have doubled in
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proportion, although globally the total number of hurricane s has remained approximately the
same. Particularly in the North Atlantic, a correlation between increasing SSTs has been observed
simultaneously with a significant increase in tropical storm duration and frequency (Arpe & Leroy
2007; Emanuel 2005, 200AVebster et al. 2005).

Consensus from experts suggests it is probable that global mean tropical cyclone frequency will
either decrease or remain essentially unchanged in a warming environment. However, because it
is likely that SSTs in the Gulf of Mexico Wil increase in the future, it is possible that storms may
form more frequently in the Gulf and could potentially reach a central pressure equal or higher to
a Category 3 storm and increase the frequency somewhat.

Because the predictive models evaluatinghe effects of storms on the Louisiana coastline will only
evaluate hurricanes that are Category 3 and higher, the potential increase in the frequency of
weak tropical storm formation in the Gulf is not necessary for incorporation into the model.
However, because little research has focused on tropical cyclone patterns in the Gulf of Mexico it
may be reasonable to assume that some storms may increase in intensity to Category 3 or higher,
and it is prudent to consider scenarios of increased Category 3 and giher storm frequency for
purposes of the master plan.

1.5.4.4References
Anthes, R. A., R. W. Corell, G. Holland, J. W. Hurrell, M. C. MacCracken & K. E. Trenberth.

(2006). Hurricanes and global warming potential linkages and consequences. American
Meteorological Society, DOI:10.1175/BAM&7/-5-617

Arpe, K. & S. A. G. Leroy. (2007). Atlantic hurricanestesting impacts of local SSTs, ENSO,
stratospheric QBD- implications for global warming. Quaternary International 195, 414.

Bengtsson, L., K. I. Hodges, M. Esch, NKeenleyside, L. Kornblueh, J. Luo & T. Yamagata. (2007)
How may tropical cyclones change in a warmer climate?ellus, 59A, 539561.

Bender, M. A., T. R. Knutson, R. E. Tuleya, J. J. Sirutis, G. A. Vecchi, S. T. Garner & I. M. Held.
(2010). Modeled Impactof Anthropogenic Warming on the Frequency of Intense Atlantic
Hurricanes. Science, Vol 327, pp 45458.

Dailey, P. S., G. Zuba, G. Ljung, I. M. Dima & J. Guin. (2009) . On the relationship between North
Atlantic sea surface temperatures and U.S. hurricanéandfall risk. American Meteorological
Society, DOI: 10.1175/2008JAMC1871.1

Emanuel, K. (2005). Increasing destructiveness of tropical cyclones over the past 30 years. Nature,
doi:10.1038/nature03906

Emanuel, K. (2007). The HurricaneClimate Connection. American Meteorological Society,
DOI:10.1175/BAM89-5-Emanuel

louda Al Yyl Qa / 2YLINSKSYaA@dS al &aGdSNJ t €l
DRAFT 2012.01.12
PageCG33



Appendix C z Environmental Scenarios

Emanuel, K., R. Sundararajan & J. Williams. (2007). HURRICANES AND GLOBAL WARMING:
Results from Downscaling IPCC AR4 Simulations. American Meteorological Society,
DOI:10.1175/BAMS89-3-347

Knutson, T. R., J. L. McBride, J. Chan, K. Emanuel, G. Holland, C. Landsea, I. Held, J. P. Kossin, A.
K. Srivastava & M. Sugi. (2010). Tropical cyclones and climate change. Nature Geoscience, DOI:
10.1038/NGEOQO779

Wallace, D. J. & J. B. Anderson. (2010). iHence of similar probability of intense hurricane strikes
for the Gulf of Mexico over the late Holocene. Geological Society of America, doi: 10.1130/G30729.1

Webster, P. J., G. J. Holland, J. A. Curry & H. R. Chang. (2005). Changes in Tropical Cyclone
Number, Duration, and Intensity in a Warming Environment. Sciencel6 September Vol 309: 1844

1846.

louda Al Yyl Qa / 2YLINSKSYaA@dS al &aGdSNJ t €l
DRAFT 2012.01.12
PageCG34



Appendix C z Environmental Scenarios

1.5.5 Mississippi River Discharge

With the effects of global climate change still largely unknown, the future state of the

environment is also uncertain. One important component of environmental uncertainty for
consideration in the 2012 Coastal Master Plan technical planning process is how discharge rates in
the Mississippi River may change over the next fifty years. Such changes may manifest in greater
or lesser vaiation in discharge rates, changes in discharge seasonality, increases in extreme
flooding events, etc. These changes may be linear, accelerate or decline over time, or vary widely,
and are important to restoration planning as changes in river discharggand associated sediment
load) must be accounted for when planning varied uses of the River. @rent literature for

climate change effects on river discharge was reviewed to assess this issue and a plausible range of
-7% to +14% change from mean annual Meissippi River discharge was set.

1.5.5.1Range
Plausible Range over 50 years: -7% to +14%change from mean annual discharge

1.5.5.2Values Used in the Models
Moderate Projections: 0% change from mean annual discharge(i.e., 534,000 cfs)

Rationale: Although CPRA recognizes that seasonal discharge patters may shift in the future, best
professional judgment was used to assign current mean annual discharge as a component of a
moderate projection. The assumption is mean annual discharge would remain thesame into the
future.

Less Optimistic Projections : -5%change frommean annual discharge(i.e., 509,000 cfs)

Qll

Rationale " AAAOOA OEA T AEAAOEOA xAO 110 OI 11T AAIT OEA
set, best professional judgment was used tassign a 5% decrease in current mean annual

discharge as a component of a less optimistic projectionThe assumption is a slightdecrease in

current mean annual discharge rate.

1.5.5.3Supporting Information for Setting the Range

A review of the current literatur e indicated that for many mid-Ilatitude river basins including the
Mississippi, future annual discharge rates are not predicted tovary greatly (Arora & Boer 2001,
Nijssen etal. 2001a, Nijssen et al. 2001b, Milly et al. 2002, Arnell 2003, Manabe et al. 208ohara
et al. 2006) (Table 3. Mid -latitude rivers around the world experience similar effects from climate
change including variations in amount and timing of discharge. While the causes of the changes
are still uncertain, many published studies indicaed that increased precipitation may cause
slightly more elevated annual discharge, and many also noted an earlier onset of peak discharge.
From the published papers (Table3), a range of predicted annual discharge changes was
assembled from +14% ta7%.
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Table3. Predicted river discharge

Predicted Annual Discharge Chang Primary cause
Arora & Boer 2001 +5% Increased precipitation
Milly et al. 2002 +14% Intensification of global water cycle
Manabe et al. 2004 -7% Decreased precipitation
Noharaet al. 2006 +0.2% Precipitation similar to prior levels

The Mississippi River has a welldefined seasonal discharge curve with flow rising in the winter
and reaching its maximum in the spring, falling in the summer and coming to a minimum in the
fall. Predictions of changes to annual discharge d not adequately describe the complexity of a
seasonal flow regime.To show the seasonality, predicted monthly contribution percentages of
river dischargewere used A few of the reviewed papergNijssen et al. D01a, Nijssen et al. 2001b
Arnell 2003, Nohara et al. 2009 included figures which showed monthly predictions of future
discharge. For the purposes of this analysig-igure 6 from Arnell (2003) wasused as the basis for
monthly contribution percentages. AOT A prddi6tions were based on the htergovernmental
Panel on Climate Change Special Report on Emission Scenariosemissions scenarios, and
therefore, are more broadly applicable to the body of climate change science. However, to fit the
model for the analysis daily contribution percentages were calculated using historical data from a
twenty year dataset from 1990 to 2009, and théistorical daily percentageswere usedin lieu of
future daily predictions.

Some papers suggest that due to climate changéhe maximum and minimum flows may begin to
shift temporally (Arnell 2003, Manabe et al. 2004, Nohara et al. 2006 A few authors suggested
that peak flows may occur earlier in the year due to increased rainfall in the winter and less in the
summer (Arnell 2003, Manabe et al. 2004). However, Nohara et al. (2006) suggests that peak flow
will be delayed by a month. If the future predictions are based on Arnell (2003),a shift to earlier
peak flowswould be taken into account. A shift toward later peak flows can be explored by
changing monthly contribution percentages by an appropriate amount using the predictions by
Nohara et al. (2006).
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Figure6. Observeddark line)and simulatedlight line)runoff regimes in nine catchments. Obtained from Arnell,
2003.
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1.5.6 Rainfall

With the effects of global climate change still largely unknown, the future state of environmental
drivers in coastal Louisiana is also uncertain.One important component of environmental
uncertainty for consideration in the 2012 Coastal Master Plan technical planning process is how
rainfall in coastal Louisiana may change over the next fifty years. Such changes may manifest in
greater or lesser vaiation in rainfall amounts, changes in seasonality, increases in extreme

flooding events, etc. These changes may be linear, accelerate or decline over time, or vary widely.

Historical records of precipitation for western, central and eastern regions othe coastfrom eight
monitoring stations were examined and monthly rangeswere established based on +/ 1 SDfor
average historical monthly values

1.5.6.1Range

Plausible Range over 50 years: Historic monthly range (+/ - 1standard deviation) in inches.

1.5.6.2ValuesUsed in the Models

Moderate Projections : Varies by region, but assumes future rainfall patterns equal to the
average historical monthly values.Please note, per recent model refinements, these values may
change for future analyses.

Rationale: Considering the plausible range is historic monthly values+/- 1standard deviation
CPRA used best professional judgment to assign current conditions as part of the moderate
projection, as it falls in the middle of the plausible range. Assumes no change from presnt
conditions.

Less Optimistic Projections : -0.4 SD of average historical monthly values. Please note, per
recent model refinements, these values may change for future analyses.

Rationale: Considering the range was historic monthly range(+/- 1standard deviation) CPRA
used best professional judgment to assign.4 SD to represent less optimistic projections. This
assumes slightly drier conditions and the value falls in the lower end of the range but not at the
end of the range.

1.5.6.3Supporting Informationfor Setting the Range

The EcoHydrology modeling team estimated the brackets for precipitation by using historical
monthly averages from 19611990 for 8 monitoring stations in coastal Louisiana and using + 1
standard deviation around that value to serveas the higher and lower ends for future predictions.
Please note these locations do not represerdictual monitoring stations but rather points where
precipitation was extracted from a gridded data field.

Precipitation

Stations 1 2 3 4 5 6 7 8
Latitude 29.75 29.75 29.75 29.583 29.583 29.583 29.917 30.083
Longitude -93.083 -92.75 -92.083 -91.417 -90.75 -90.417 -89.917 -93.25

louda Al Yyl Qa / 2YLINSKSYaA@dS al &aGdSNJ t €l
DRAFT 2012.01.12
PageCG38



Jan
Feb
Mar
Apr
May

Jul

Aug
Sep
Oct
Nov
Dec

Jan

Feb
Mar
Apr
May
Jun
Jul

Aug
Sep
Oct
Nov
Dec

116.4
914
84.2
85.8

143.2

1275

133
1355
145.1

100
108.3
127.9

1219
937
845
89.4

138.2

1337

1428

146.6

147.6
975

103.2

125.2

7.7
50.0
514
€9.6
98.2
101.2
73.0
833
100.7
904
65.7
68.8

Appendix C z Environmental Scenarios

Rainfall (mm)

Figure?. Precipitationstation 1 and nonthly averagest+/- 1 SD.
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Figure8. Precipitationstation 2 and nonthly averagest+/- 1 SD.
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Figureld. Precipitationstation 8 and nonthly averagest/- 1 SD.
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1.5.7 Evapotranspiration

With the effects of global climate change still largely unknown, the future state of environmental
drivers in coastal Louisiana is also uncertain.One important component of environmental
uncertainty for consideration in the 2012 Coastal Master Plan technical planning process is how
evapotranspiration in coastal Louisiana may change over the next fifty years. Such changes may
manifest in greater or lesser variationin evapotranspiration rates, changes in rates by seasonality
due to temperature shifts, etc. These changes may be linear, accelerate or decline over time, or
vary widely.

Historical records of evapotranspiration for western, central and eastern regions of the coasfrom
eight monitoring stations were examined and monthly rangeswere established based on +/ 1 SD
for average historical monthly values

1.5.7.1Range
Plausible Range over 50 years: Historic monthl y range (+/- 1 stamard deviation)

1.5.7.2Values Used in the Models
Moderate Projections: Varies by regionbut assumes futureevapotranspiration patterns equal
to the average historical monthly values.

Rationale: Considering the plausible range is historic monthly values+/- 1standard deviation

CPRA used best professional judgment to assign current conditions as a component of a moderate
projection, as it falls as a midpoint of the plausible range. Assumes no change from present
conditions.

Less Optimistic Projections : + 0.4 SD of average historical monthly values.

Rationale: Considering the plausible range is historic monthly values+/- 1standard deviation
CPRA used best professional judgment to assign +0.4 to represent less optimistic projections, as
falls in the lower end of the range but not at the end of the range Assumeswarmer and drier
conditions, as reflected in increased drought indices and reduced local rainfall.

1.5.7.3Supporting Information for Setting the Range

The evapotranspiration (ET) brackets werebased o 10 interpolated points acquired from the
North American Regional Reanalysis (NARR)ong-term, high resolution datasetsrun by NOAA
National Centersfor Environmental Prediction. A reanalysis usesclimate observaions from
many different sources (groundstations, remote sensing, radar, satellites, ships, etc.) and a
numerical model to simulate one or more aspects of the Earth system and combines them to
objectively generate a synthesized estirate of the state of the system.The Ecohydrology Team
obtained monthly averages for the period of record on the order of 2630 years and then
estimated the monthly range using a ++ 1 standard deviation as with precipitation. Given that no
stations monitor ET in coastal Louisianthese data were determined to bethe best sourceto
determine plausible ranges for future scenarios Expert opinion from the Eco-hydrology Team
concurs that the data utilized here are the best spatial representation of ET for the area of
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interest. Please note hese are not actualmonitoring stations but represent points where

evapotranspiration wasextracted from a gridded data field.

Evapotranspiration

Points 1 2 3 4 5 7 8 9 10
Latitude 29.639 29.581 29.523 29.463 29.403 29.851 29.793 29.671 29.547 30.353
Longitude -91.509 -91.197 -90.889 -90.581 -90.269 -91.133 -90.821 -90.201 -89.581 -89.361
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Figure20. Evapotranspiration interpolated point 6 and monthly averaged SD.

Figure21. Evapotranspiration interpolated point 7 and monthly averaged SD
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