University of New Orleans

ScholarWorks@UNO

University of New Orleans Theses and

Dissertations Dissertations and Theses

12-19-2008

Abrupt Climate Change and Storm Surge Impacts in Coastal
Louisiana in 2050

Jay Ratcliff
University of New Orleans

Follow this and additional works at: https://scholarworks.uno.edu/td

Recommended Citation

Ratcliff, Jay, "Abrupt Climate Change and Storm Surge Impacts in Coastal Louisiana in 2050" (2008).
University of New Orleans Theses and Dissertations. 879.
https://scholarworks.uno.edu/td/879

This Dissertation is protected by copyright and/or related rights. It has been brought to you by ScholarWorks@UNO
with permission from the rights-holder(s). You are free to use this Dissertation in any way that is permitted by the
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself.

This Dissertation has been accepted for inclusion in University of New Orleans Theses and Dissertations by an
authorized administrator of ScholarWorks@UNO. For more information, please contact scholarworks@uno.edu.


https://scholarworks.uno.edu/
https://scholarworks.uno.edu/td
https://scholarworks.uno.edu/td
https://scholarworks.uno.edu/etds
https://scholarworks.uno.edu/td?utm_source=scholarworks.uno.edu%2Ftd%2F879&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uno.edu/td/879?utm_source=scholarworks.uno.edu%2Ftd%2F879&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarworks@uno.edu

Abrupt Climate Change and Storm Surge Impacts ims@ad Louisianain
2050

A Dissertation

Submitted to the Graduate Faculty of the
University of New Orleans
in partial fulfilment of the
requirements for the degree of

Doctor of Philosophy
In
Engineering and Applied Science

By
Jay Ratcliff

B.S. Tulane University, 1979
M.E. University of New Orleans, 1994

December 2008



To my mother



ACKNOWLEDGMENTS

My storm surge modeling team members, especially Dr. ésadesterink, provided me
constant guidance and assistance in working with large #ement meshes and in
understanding and executing the ADCIRC storm surge model. $tatts and Dr. Don
Resio first introduced me to the vast arena of siadistnodeling and risk analyses. Andy
Cox and Vince Cardone of Ocean Weather, Inc for usleeaf PBL wind model. |

would also like to acknowledge my committee members helgapyplort including Dr.
George loup, Dr. loannis Georgiou, D. Martin Guillot, Donald Barbe, Dr. Bhaskar
Kura, Dr. Joannes Westerink, and Dr. Alex McCorquodate Alzx McCorquodale has
taught me over the years and allowed me to completeedearch under his guidance. |
will also be forever grateful to Dr. Alim Hannoura whashbeen and will always be my

teacher, mentor, and friend.



Table Of Contents

LISt Of FIQUIES ...ttt e e e e e et e e e e e eaa e eenes Vi
LISt Of TADIES .. et e et e e e e e b e eees Vil
LiSt Of ADDIEVIAIONS ......n e e IX
Y 0111 - od PP UUPRRRUPPPN X
Chapter 1 INtrOAUCTION .........uiiiiie et eeaa e eennas 1
I I = Tod (0| {01 U o o PP 1
IO | e P 2
1.3 Global Climate ChanQe ..........ccuuuiiiiet s et e et e e e e eeaneaeees 4
1.4 Abrupt Climate Change...........cooiiuuniiimmmme ettt eaae e 9
1.5 Scope and Objectives of Research............ccouciiiiiiiiiii e 13
1.5.1 2050 Storm Surge SIMUIALIONS. ... .cceuuiiiii e e 13
1.5.2 Abrupt Climate Change. .........cccuuuiiiiet et e e e e e e eei e e 14
1.5.3 Frequency ANAIYSES. ... oot 16
Chapter 2 Storm Surge Models Literature ReVIEW .....ccccivvviiiiiiiiniiiiiiieeciineeees 18
2.1 Historic Storm Surge MOEIS ..........coeuvn e 18
2.2 ADCIRC ... ittt a 21
2.2.1 Model FOrmUIAtION .........c.uuiiiiiiiee e et e e 25
2.2.2 ADCIRC Louisiana mesh validation ..........ccccceiiiiiiiiiiiiiiicii e 28
2.2.3 ADCIRC Numerical Implementation ........... e 29
2.2.4 ADCIRC Input and FOrcing FUNCLIONS ............commmmmeeeneeeeiiineeeiiineeeiineeenns 32
Chapter 3 Global Climate Change...........ooiuuuiiiieiii e 33
G300 R [ 011 o o 11 ox {0 o [ PP 33
3.2 International Panel on Climate Change (IPCtthiough & Assessments .....37

3.3 International Panel on Climate Change (IPCEAdsessment Report (AR4) ..43



3.4 Abrupt Climate ChaNnge.........cooeuuuiiiiet s ettt e e e e et eeeaa e ees 50

Chapter 4 2050 Storm Surge Simulations with Present Climate......................... 54
v R [ g1 (o To [ T £ (o] ISP 54
4.2 ANAIYSES ... 56
A 3 RESUIS ..ceeieeee et 59

Chapter 5 Abrupt Climate Change on Simulated SUrges ......cccccoovvvvviiieiiinneeennn. 69
S0 R [ 011 g0 To [1ox {0} o [P SRR 69
5.2 ANAIYSES ... r e 72
5.3 RESUIS ... 76

Chapter 6 FrequeNCY ANAIYSES..........iiiuuun e eeeis e e et e e eeii e eeri e eennnaaees 89
(G300 1 11 70T (3 Tod 1T o PP 89
6.2 Review Of EXIStING WOTK.........oiiiiiiiiiiieeee e 90
6.3 Surge FrequencCy ANAIYSES ......c.uuiiiiiii i cceeeem et 101

Chapter 7 DISCUSSION .. .ccuuieeiiiieeeeti e e s et e e e et e e e et e e e eatn s eeeann e ennnneeees 110
7.1 Effect of Relative Sea Level Rise and Degradaticdbaalst on Surge Impacts
.................................................................................................................. 110
7.2 Effect of Abrupt Climate Change on Coast and Surge t®pac................. 114

7.3 Hurricane Frequencies and Surge Impacts in 2050 ....cccccceeveevieeeeennnn. . 115

T4 UNCITAINTIES .. et eeee e e et nana e 116
7.4 RECOMMENAALIONS. .. ettt et enanns 119
Chapter 8 Summary and CONCIUSIONS .........uviiiiiiiiiieeeei e 123
R OTIEIEINCES .. ..o e e e et 126
AV - TR 140



List of Figures

Figure 1 SST versus Power Dissipation Index from (Emag@eb) .................cccceeeeeen. 7
Figure 2 Power dissipation index landfalling storms fromdssea (2005).............cccou..... 9
Figure 3 ADCIRC Finite Element Mesh used for Louisiana sorgéeling.................. 23

Figure 4 ADCIRC Mesh Internal Boundaries for Coastalitiana ....................ccceuen... 24
Figure 5 ADCIRC Mesh Detail Lake Pontchartrain ......cc......ccooviviiiiiiiiiniienn, 24
Figure 6 Yearly Global Average Surface Temperatures (IROCQY7) ........ccoeevevvneeennnn. 39
Figure 7 Global Average Temperature Series from (IPCC,)2007...........ccccceevvevnnnne. 41
Figure 8 Spatial Model Resolutions from (IPCC, 2007) .ccucmciiiiiiiiiiiiiiieeieiieeeeiinne 42
Figure 9 Atmospheric concentrations of green house gada@0lgkears to present (IPCC
F N o UL =] O TP 46

Figure 10 Observed changes in global temperatue, sea ledednaw cover................ a7

Figure 11 Projected average global surface temperature€ (R, Figure SPM.5)...49
Figure 12 Difference Between 2050 topography and ADCIRC mesigtaphy of

present-day topography with 2007 levee configuration .............ccoeveveviiniieiiinneeennnnn. 56
Figure 13 Relationship Observed MPI vs. TheoretiCal ccccceeovvviiiiiiiiiiiiiee, 57
Figure 14 cyclone intensity as a function of the SST utideeye (Schade, 2000)........ 58
Figure 15 Storms 191 through 195 tracks ...........ccoet o s e e et 59
Figure 16 2007 Topography Storm 192 Surge Peaks (USACE, LACPR 2007 Tech
=T 010 1 PSPPI 60
Figure 17 2007 Topography Storm 193 Surge Peaks (USACE, LACPR 2007 Tech
=T 010 1 TR UUPPTRPP 61
Figure 18 2007 Topography Storm 194 Surge Peak (USACE, LACPR 200R€&polt)
............................................................................................................................ 61
Figure 19 2007 Topography Storm 195 Surge Peak (USACE, LACPR 200Ré&polt)
............................................................................................................................ 62
Figure 20 2050 Conditions Storm 191 peak surge elevations .........c....cccceevevevnnnnn. 63
Figure 21 2050 Conditions Storm 192 peak surge elevations .........c....cccceeeeeennnnnn. 63
Figure 22 2050 Conditions Storm 193 peak surge elevations.........c....c.cceeveeennnnnn. 64
Figure 23 2050 Conditions Storm 194 peak surge elevations .........c....cccceevevennnnnn. 64
Figure 24 2050 Conditions Storm 195 peak surge elevations .........c....cccceeveeennnnen. 65
Figure 25 USACE 100 year level of protection levee heights..............cccoooeiiiii. 67
Figure 26 Maximum Katrina Storm Surge Peaks (Feet) with 20lMOBSL00 year levee
TS0 1PN 67
Figure 27 Carnot Engine Model for Tropical Cyclones............cccoovveviiiiiiiiiiiiiiiineeens 70
Figure 28 MPI theoretical @StIMAtES. ...........icceeeei e 75
Figure 29 USACE 100 year levee heights as ADCIRC mesh boesda................... 76
Figure 30 Storm 800 Peak SUIMJES......c.uuiiiiiinnetcmmmmmmn e eeeieeeeiieeeeannaeeeeinneeeennn e d B
Figure 31 Storm 830 Peak SUIMJES.....cc.uuiiiiiinnitcmmmmmmn e e eeieeeeeieeaeannneeesinneeeennneadd 9
Figure 32 Storm 850 Peak SUIJES.......cccuuuiiirrn i e e e e e aeanneeeennneeeennneedd 9
Figure 33 Storm 851 PEAK SUINJES......ccieuuniierin e st e et e e e et e e e e e e eennns 80
Figure 34 Storm 870 PEAK SUINJES.......cieuuuiieiin oo et e e e e et e e era e e eennnnns 80
Figure 35 Storm 871 PEaK SUINJES......ccieuuniierin e st e et e e e et eeeea e e eeannns 81
Figure 36 Storm 881LPeak SUIJES.......cccuuuuiieien i et e et e e e et eeeaa e eeannnns 82
Figure 37 Storm 882 PeaK SUINJES.......cccuuuiiiiiin s et e et e e et e e e e e eannns 82

Vi



Figure 38 Increase in surges from 1°C increase in SST cethpuytsubtracting Storm 27

peak surges from Storm 193 peak surges (feet)... ..84
Figure 39 Increase in surges from 2°C increase in SST cednpytsubtractlng Storm 27
peak surges from Storm 870 (fEe1).........oiiiuen e e et 85
Figure 40 Increase in surges from 3°C increase in SST cethputsubtracting Storm 27
peak surges from Storm 850 peak surges (feet)... ..86
Figure 41 Increase in surges from 4°C increase in SST cednbytsubtractlng Storm 27
peak surges from Storm 830 peak surges (feet)... .87
Figure 42 Increase in surges from 5 to 6°C increase mcSSl]Suted by subtractlng
Storm 27 peak surges from Storm 800 peak surges (feet)... SRR o o
Figure 43 Number Of Hurricanes Present & Future Climate (f]ondi ........................ 91
Figure 44 Number of Hurricanes / Category from Webster.€208b.......................... 93
Figure 45 Storm decay approaching landfall from Resio @08l ......................ee. 96

Figure 46 Surge differences between Storm 870 and 1000 year esteis(Feet)...... 102
Figure 47 Surge differences between Storm 850 and 1000 year esteis(Feet)...... 105

Figure 48 Relative frequency of exceedence of severe starms...........c.ccceveeeeen. 106
Figure 49 Central Pressure Return Values Gulf of Mexicwifisen, 2006) ............... 107
Figure 50 Projected 2050 Louisiana Coastal Land Changes fraasBaral. 2004 ....111
Figure 51 Global Sea Level Rise Projections (IPCC, 2007). cccc...ovvevvnieiiiineeeninnnne. 113
Figure 52 Relative Sea Level Rise Projections from Byidnd Doyle, (2007) .......... 113
Figure 53 Global Surface Warming Projections.......cccccccooeeeeiiniiiiiinieiiiieeeceiiee e, 121

vii



List of Tables

Table 1 Overview of Storm SIMUIAtIONS ..........uiceermmi e 17
Table 2 IPCC Levels of Confidence Terminology (IPCC, 2007)--.....ccccooveviiieeeennnn. 43
Table 3 IPCC Likelihood of Occurrence Terminology (IPCC, 2007)...........ccceunn.... 44
Table 4 Sources of sea level rise (IPCC FAR, SPM TaBIL.1)..........c..occvviiiiinnnnns 48
Table 5 Recent trends and projections IPCC FAR... .o 48
Table 6 Projected global average surface temperature and.SLR............................ 48
Table 7 SRES emission scenarios (IPCC, 2007 Special Rapérhission Scenarios).50
Table 8 Storms 191 through 195 parameters............ccceemmiiieiiiieeeee e 60
Table 9 Storm peaks for 2007 and 2050 CONAItIONS.......cccuviiiuiiiiiiieii e, 65
Table 10 - MPI for theoretical hypercanes from Emanuel (1988)...........ccccceeeeennnnn. 73
Table 11 Abrupt Climate Change StOrMS.............oweeerneeeeie et eeens 74
Table 12 MPI percentages Attained from theoretical compuglees .......................... 75
Table 13 Storm Design Values and Resulting Maximum Wind Speeds................. 77
Table 14 Peak Storm Surge RESUIES ............... et eei e eeas 83
Table 15 Percent Storm surge Increase from present dasteli...................ccoeeeeeennnen. 88
Table 16 Future Storm Central Pressure RetUIMNS.....ccccccoiiiiiiiiiiiiiineceiiieeeeiieee 108
Table 17 Future Abrupt Climate Change Storm Return Periods.(RP................... 109

viii



List of Abbreviations

..Advanced Circulation Model

.. . Fourth Assessment Report

Coastal LOU|S|ana Ecosystem and Restoration
. First Assessment Report

Federal Emergency Management Association

PP feet
GO . Global Climate Model
GFDL cieeieeeeann.... Geophysical Fluid Dynamics Laboratory
GWECE. ... e Generalized Wave Continuity Equation
HWM. " . High Water Mark
IPCC. . Internatlonal Panel on Climate Change
IPET . Interagency Performance Evaluation Task
km..... . kilometers
LACPR T LOU|S|ana Coastal Protectlon and Restoration
1Y T PPN Million years ago
0] o millibars
MPI. .. Maximum Potential Intensity
]2 TR PP nautical miles
PBL. .. Planetary Boundary Layer
PDI.. .. Power Dissipation Index
Prob. . probability

S AR . Second Assessment Report
S R Sea Level Rise
SP M. Summary for Policy Makers
SRES ... Special Report on Emission Scenarios
SST. .. Sea Surface Temperature
5 [ square
TC... . Tropical Cyclone
THC. Thermohallne Circulation
TAR... . Third Assessment Report
USACE... . Un|ted States Army Corps of Engineers
USGS. .. United States Geological Survey



Abstract

The most critical hazards impacting the world todaytlaeeaffects of climate change and
global warming. Scientists have been studying the Bartimate for centuries and have
come to agreement that our climate is changing, and bhagetl, many times abruptly
over the history of our planet. This research focusaf®impacts of global warming
related to increased hurricane intensities and their sagp@nses along the coast of the
State of Louisiana. Surge responses are quantifiedoions that could potentially occur
under present climate but 50 years into the future on & sobjgcted to current erosion
and local subsidence effects. Analyses of projecteddaumeiintensities influenced by an
increase in sea surface temperatures (SSTs) are petfotntensities of these storms are
projected to increase by 5% per degree of increase in. 3$sall suite of these storms
influenced by global warming and potentially realized byipbclimate changes are
modeled. Simulations of these storms are executed usitogra surge model. The
surges produced by these storms are significantly highesthigas produced by present-
day storms. These surges are then compared to existgefeemguency distributions

along the Louisiana coast.

KEYWORDS: abrupt climate change, global warming, hurrisasorm surge



Chapter 1 Introduction

1.1 Background

On the 28 August 2005 the world changed. Katrina was by far “the stdrtine
century” for the Gulf Coast. Then on the 24th Septembss than a month later, Rita
struck western Louisiana and eastern Texas. Not ongywbutmmense storms struck in
relatively close proximity within less than one monthattha caused well over an
estimated $100 billion in economic damages alone. But Stesms were only two of a
total of twenty six named storms of the year 2005. Thas whe very first year the
alphabetical list of names was not long enough (thehks only 21 names since it
excludes those beginning in Q, U, X, Y or Z). There wdiree Category 5 storms
(Katrina, Rita, and Wilma) in one year. The last ywearecord 3 Category 5 storms was

1851. In 2005 Wilma was the most intense storm ever recandedli of Mexico.

Katrina devastated the city of New Orleans and theosading metropolitan
area. Levees were breached in many locations irs afe@t. Bernard and Plaguemines
Parish, but the major New Orleans city flooding was tdude overtopping and breaks in
the now infamous 17 Street and London Avenue Canal floodwalls. This tatpke
was not supposed to happen. Levees were breached inahémg surrounding areas
including St. Bernard and New Orleans East. The floodvaddisg the 1% Street Canal

were estimated to have failed about 9:45 am on theA2@ust, and the water could not



be stopped. The storm and flooding caused so much destractd the tragedy that it
became imperative to resolve the in detail the entiasans and sequence of events that

enabled such calamity to occur.

1.2 IPET

The Chief of Engineers, U.S. Army Corps of EnginelSACE), established the
Interagency Performance Evaluation Task (IPET) ForceQamtober 10, 2005, by
memorandum to the Director of Civil Works. IPET wascsmmed by the Secretary of
Defense in a directive to the Secretary of the ArmyQrtober 19, 2005. The IPET
mission was to provide credible and objective scientfitl engineering answers to
fundamental questions about the performance of the huogigrotection and flood
damage reduction system in the New Orleans metropolitaa. dihis information is
being used as it is developed to assist in the reconstitofihurricane protection in New
Orleans in the ongoing repair phase and to form a foiomdéttr more effective hurricane
protection in the future in New Orleans and in other pafrthie nation that face similar
threats.

The IPET was composed of 10 tasks, of which Task 4 was tthren Surge
Modeling and Wave Analyses. Task 4 scientists and enginesd the Advanced
Circulation (ADCIRC) model for storm surge computatiofsuettich et. al. 1992;
Westerink et al. 1992) ADCIRC is a state of the art fogfor solving the equations of
motion of moving fluid on a rotating earth. EssentialyDCIRC computes water
surface elevations and currents in coastal oceans, estuakies, and rivers. Information

on the ADCIRC model is provided in Chapter 2. Congress dilgzted the Corps of



Engineers, New Orleans District, in partnership with 8tate of Louisiana, to initiate a
24-month endeavor, the Louisiana Coastal Protection astbRition (LACPR) Project.
The LACPR project was mandated to identify, describepaiopgose a full range of flood
control, coastal restoration, and hurricane protecticasures for South Louisiana.
Components of this project include characterization &adfir-Simpson Category 5
storm which is a 1-5 rating based on the hurricane's wpeed and intensity. This
dissertation work will complement LACPR efforts andfpem simulations some of the
storm characteristics defined by LACPR project.

In addition to the impact to the people of the codst, storms of 2005 caused
great injury to the already disappearing Louisiana coastdnds. These wetlands and
barrier islands reduce storm surge and help protect caases and infrastructure.
(Suhayda, 1997). The Louisiana Coastal Area (LCA) StuehoR (USACE, Nov 2004)
documents much of the history of the causes and disappeaoé the wetlands. LCA
Study Report, Appendix B, is the Historic and Projected tabhsuisiana Land Changes
1978 — 2050. The USGS documents in Appendix B, the land lodss¢ene gain) from
1956 through 2000. Additionally, the USGS projected land losss rdtrough 2050.
According to this report, the projected land loss from 2@0B050 is 674 sq miles (1,746
sq km) and land gain of 161 sq miles (417 sq km). All land &x$ gain features,
existing and projections, were encoded as layers in @r@glic Information System
(GIS). This study was completed prior to Katrina anig,Rand did not consider such

devastation as caused by the record storms of 2005.



1.3 Global Climate Change

Katrina increased the debate over the global climba@ge caused by man made
“green house gases” (TIME, August 2005). People wanted to Knidatrina and the
other very powerful storms could have been caused by rumgaiced global climate
warming. Ultimately, it is fundamentally impossible poove an individual storm was
caused by human (GDinduced global climate change. Our weather each slaye
realization of an infinite number of possibilities deshby the many forces that form and
create our climate. The weather is semi-random by nandeonversely, it would not be
defensible to say a specific single event as Katring egaised by the long-term natural

climate cycle alone.

There is much evidence that the scientific commuhig agreed that natural
cycles alone cannot explain recent ocean warmingGIR®4, 2007). Due to human
activities such as burning fossil fuels, clearing forests, today’s carbon dioxide (GO
levels in the atmosphere are significantly higher thiaang time during the past 400,000
years. CQ and other heat-trapping emissions act like insulatioharidwer atmosphere,
warming land and ocean surface temperatures (Houghton 20@l). Oceans have
absorbed most of this excess heat, raising sea temperdiyr@almost one degree
Fahrenheit since 1970. September sea surface temperattinesAtiantic over the past
decade have risen far above levels documented since 1930ingOrmait
http://www.ncdc.noaa.gov accessed April, 2006). Increasdsmtin the horizontal and
temporal characteristics of ocean changes over ttedld years have been closely

replicated by the state-of-the-art Parallel Climated®lqPCM) forced by observed and



estimated anthropogenic gases. (Barnett et al., 2001PThe results provide credible
weight for claims that an anthropogenic signal has lEgacted in the global climate

model system.

Although scientists agree that global warming is undgrwigere is significant
controversy over the relation between hurricanes éntate change. Research over the
past few years has indicated potential links between bledaning and hurricane size
and energy (Emanuel, (2005, 2005a); Mann and Emanuel, 2006).ricades are a
complex phenomena and their formation is affected day surface temperature, wind
speeds and directions, humidity, and other ocean and @terds conditions. A 2004
study analyzed the relationships of today’'s storms wittuksited storms for increased
concentrations of C&(the primary greenhouse gas) (Knutson and Tuleya, 2004)aA tot
of nine different global climate models were executedwélh the same amount of
increased C@a +1% yi* for 80 years. These GCM results formed boundary comdgiti
for an idealized hurricane model, the Geophysical Flwddmics Laboratory (GFDL)
R30 coupled model. Approximately 1300 5-day simulations were npeefb with a high
resolution GFDL R30 model. Results from all of the datians were aggregated and
averaged. They indicate a 14% increase in central presalireaf6% increase in
maximum surface wind speed, and an 18% increase in averaggitpt®n rate within
100 km of the storm center. Current hurricane potentignsity theories were also
applied to the climate model environments in this study. § hesories show an average
increase in intensity (pressure fall) of 8% (Emanuel cotive parameterization model)

to 16% (Holland model) or the high-G@nvironments. Convective available potential



energy (CAPE) is 21% higher on average in the high-€®ironments. One implication
of these results is that if the frequency of tropicatlones remains the same over the
coming century, a greenhouse gas—induced warming may lead to allgramweasing

risk in the occurrence of highly destructive category-5nssor

Even more recently, a 2005 study demonstrated a stdtiditika of global
warming to an increase in storm intensity and duratiomafitiel, 2005) The study
suggests intensity and duration relationships to increasadssdace temperatures
associated with global warming, specifically during the d#&stears. During this time
global average sea surface temperatures were at reces lOnline at
http://www.ncdc.noaa.gov accessed April, 2006). The desteupbwer of storms can
be measured by the total power dissipation (PD). (Emat@@8). The PD is defined as

v T |i|'ﬂ

(,'1_}p|\"|3rdrd£
0 Eq. (1.3.1)

PD = 2=

J 0.

where G is the surface drag coefficieqtthe surface air density, |V| is the magnitude of
the surface wind, and the integral is over radius tower storm limit given bygrand
overt , the lifetime of the storm. Due to the difficulty @valuating these integrals and

other reasons, Emanuel defined a simplified Power Digsiplndex (PDI) as

T

PDI= | V? di

max
J 0

Eqg. (1.3.2)
where Vinax IS the maximum sustained wind speed at the 10 meterdaltitThe PDI was
computed for all storms since 1950. It is a combination ol s&&orm’s maximum wind

speeds and storm duration. It was found that during the3Gastears, the destructive



power of storms, the PDI, has doubled in the Atlantat Bacific. But Emanuel did not
just find the upward trend of storm intensity. What he@ dtsind startled the climate
community. In the area of the Atlantic where mastricanes start, the power released
during the lifetimes of the storms is “spectacularlyllveerrelated with sea surface
temperatures” (Kerr, 2006). Figure 1 displays Emanuel (2005%jtse®r the North
Atlantic. Emanuel (2005) has shown that the hurricanensity and sea surface
temperatures have risen over the last 45 years. Maantsts now believe that the

warming of the Atlantic may be driven at least in f@ftising greenhouse gases.

25

7
15 N j —— Scaled August-Oct Tropical
j/ L7 Aflantic SST

E A /;\ -a— Power Dissipation Index
05 Mﬂ w

O T T T
1970 1980 1990 2000 2010

Year

Scaled SST and PDI

Figure 1 SST versus Power Dissipationdex from (Emanuel, 2005)
Both SST and PDI have been scaled usingsiant offset for ease of comparison.
SST Scaled August-October temperatures and PDI is résasonds

However, to date, science has not been able to accepitdblworldwide storm
frequency with global warming (Webster et.al, 2005). Eadan basin has its multiyear
cycles of storm activity. While the total number ofrate in the tropics remained similar
through time, one study suggests that the percentageegiocatd and 5 hurricanes have
increased over the past 30 years (Trenberth, 2005). Trenttates that despite the

enhanced activity, there is still no sound theoreticalsbfs defining if and/or how



anthropogenic climate change affects hurricane numbetraaks, and if they hit land.
This issue was so intense, that the leading US nadbgpst Chris Landsea resigned from
the IPCC, complaining that Trenberth had supported a ktwden warming and storms

in a previous press conference (Schiermeier, 2005).

Landsea (2005) in review of Emanuel (2005) results presenteé thitical
issues. The first issue was the plotting of unfiltered points of the PDI time series
which should have been deleted. Emanuel plotted thespants which suggested the
strong increase in PDI over the last few yearshédfunfiltered end points were removed
the indexes are similar to those previous to the 1950s. s&tond issued concerned the
method of bias removal which reduced the tropical cycleinels for the Atlantic by 2.5
— 5.0 m/s for the 1940s- 1960s. Landsea (2005) argued that the meisicals should be
used as is with no adjustments. The third issue wadiffieulty to interpret an
anthropogenic signal in the Atlantic storms due to thgelanatural multi-decadal
oscillations and the short time period of the reliablka dacord. He presented a PDI for
1901-2004 for only US land falling tropical cyclones which showectvidence of long

term trends (Figure 2).
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Figure 2 Power dissipation index landfaiig storms from Landsea (2005)

Given the rapidly changing topology and land charadiesisin Southern
Louisiana, as well as the possible fundamental changgsnate, this research proposes
to investigate the impact on Southern Louisiana thradeghiled hydrodynamic model
studies. In light of the above background, research tas#éisgoals are outlined in the

following sections.

1.4 Abrupt Climate Change

What is “abrupt” climate change? Alley defines abrupt aha@nge that occurs
when the climate system is forced to cross some hblegbstriggering a transition to a
new state at a rate determined by the climate systesif &ind faster than the cause
(Alley, 2002). Although this is accurate for a scientificidi&bn, most people see abrupt

change as any type of climate change that lastsefarsyor longer and has significant



impact on their lives. These include change in intgnsluration, or frequency of
extreme events which persist. Thus, for example, agbensichange, may be seen as an

increase in the number of floods or the number anasitieof storms.

“Large, abrupt climate change have repeatedly affected mwali of the earth,
locally reaching as much as 10°C change in 10 years. Avadalilence suggests that
abrupt climate changes are not only possible but likelthe future, potentially with
large impacts on ecosystems and societies.” (Alley, 20Q&): climate changes rapidly
when being forced either naturally, or, as being postulaiddyt by human induced
greenhouse warming which may increase the possibility nfpabregional or global

events.

Before the 1990s, most scientists believed the climaeged very slowly, with
gradual swings of the ice ages over tens of thousandsu gelonger. But over the last
few decades, geologic evidence has undisputedly showrthihatlimate can and has
changed abruptly (NRC, 1998). Changes of up f€ khd a factor of 2 in precipitation
have occurred in some places in periods as short as yetes or decades (Alley, Clark,
1999). Sedimentary and other “proxy” methods have demordtreiteespread abrupt
climate changes over the last 100,000 year and beyondperioel called the “Younger
Dryas” is the best known cold interval. The Youngerd3ryYD) began about 12,800
years ago as an interruption to the gradual global wartnergl following the last ice
age. The YD event ended abruptly about 11,600 years agg.sinaf the Greenland ice

cores (Alley, 2000) showed that cooling occurred in a few dkedang steps, but
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warming at the end, happened in one large step of aBGunh&bout 10 years. Even so,
additional studies of the Greenland ice core data ldieated the YD was only one of
many large, abrupt, widespread climate changes. Sciemtistsnd the world give
recognition to these abrupt state changes but only a smalunt of knowledge and
information is understood about the reasons for thepalstate changes. We do not fully
know under what conditions state changes are possihler a&inder modern or near-

future climate conditions. But from the evidence, wevkithey can be abrupt.

No one has yet identified the exact cause of the \iDrbany scientists have
associated drastic changes in the Atlantic thermohalncealation (THC) as playing a
central role in this event as well as many other pbstipd climate changes. Some
theories suggest large influxes of fresh water into theiN&atlantic reduced the ability
of its waters to sink. This reduction in heat transpmthé north allowed heat to remain
in the south, thus a reduction in the THC. The implicetiof fluctuations in the Atlantic
THC have received much attention and many efforts arg lmonducted to more fully

understand the THC and how the ocean heat transpectathe climate.

Most GCM models suggest that for the THC, or someticadied the “conveyor
belt” to shut down, a 4 -°6 global warming is required. But the current warming trend
is at 0.3°C per decade for the period 1990 through 2005 (IPCC28R4%). The current
rate is approximately 0.2°C per decade and is remain the fearthe next two decades.
GCM models show that the THC flow may be expecteslder by an average of 25% by

the end of the twenty-first century, but not to shut dawmpletely. An inter-model
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comparison analysis (Gregory et al. 2005), specificalljhenTHC, also confirmed these
results under various IPCC increased,@0Oncentration scenarios. However, recent
observations (Bryden et al. 2002) have estimated a 30% wniegke the overturning
circulation within the last few decades. These rescdtsie as a surprise to many
scientists because of the disparity with other facsaurch as changes in salinity, deep

convection, or lack of observed cooling in the NortlaAtic.

Some scientists believe that natural cycles in the Tidther than human induced
changes) are responsible for the increase in Atldwtidcane activity in recent decades.
Dr. William Gray, in a statement to the US Senaben@ittee on Environment and Public
Works (September, 2005) stated that iaorease in the intensity of the Atlantic
Thermohaline circulation over recent decades was gntesponsible for this increase in
hurricane activity. “The Atlantic has large multi-decldariations in major (category 3-
4-5) hurricane activity. These variations are observedesultr from multi-decadal
variations in the North Atlantic Thermohaline Ciratibn (THC). When the THC is
strong, it causes the North Atlantic to have warnpaositive Sea Surface Temperature
Anomalies (SSTA) and when the THC is weak, cold SSPpfevail.” By Gray’'s
reasoning, there should have beetoanturn in activity, and not the observegturn if

Bryden et al. results are correct.

There have been attempts to relate SST with hurricatengity, however,

Emanuel states that there is no theoretical relshipnbetween SST and hurricane

intensity. The underlying causes of the SST needs tmberstood. This area is called
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“Potential Intensity (PI) theory. However, within tlasea, increasing destructiveness of
tropical cyclones over the past 30 years has been zkdofEmanual, 2005). These
results indicate the very real possibilities of eased tropical cyclone destructive

capability.

1.5 Scope and Objectives of Research

The overall objective of this research is to quantifteptial future storm surges,
as well as storm frequency, taking into consideragjtmbal warming and in particular
abrupt climate change. This research will have 3 prirabjgctives:

(1) Quantify storm surges for the Louisiana Coast wittland loss as projected

by the USGS in the year 2050.

(2) Project the impacts of abrupt climate change througation and modeling

of storms of increasing maximum intensities possible ursleh change to

estimate future surge levels.
(3) Estimate frequencies of future storms based upon mmicantral pressure
and radius to maximum wind, and compare surge resultnebt from these

future storms, to published storm surge return period levels.

1.5.1 2050 Storm Surge Simulations.

In order to quantify storm surges for the Louisiana Ceatit wetland loss as
projected by the USGS in the year 2050, the Advanced C#RGuI(ADCIRC) model
will be used to perform all storm surge computations. Th&€ W mesh representing
2050 future degraded conditions of the Louisiana zone willdsel. This mesh is the

same mesh created for use in the USACE Louisianat@lda®tection and Restoration
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(LACPR) study. The Coastal Louisiana Ecosystem Rastoration (CLEAR) group
projected land loss/gain rates and future topography basedhigioric relative regional
and local subsidence rates (Twilley, et al. 2008). Thisdoaphy represents the future
topography and bathymetry in 2050 and was transferred ont®@&RC mesh. The pre-
Katrina topography and levee system is represented inAG#R 2007 ADCIRC mesh.
A post-Katrina, ADCIRC mesh with topography representihe Louisiana coast of
2050, will be encoded with all levee heights set to the gludadi Corps of Engineers 100-
year level of protection elevations. ADCIRC executiank be performed to simulate
Katrina, as well as the Category 5 storm characiesigiefined by the USACE Louisiana
Coastal Protection Restoration Study. Simulationthe$e storms will be performed on
these grids which represent the Louisiana coast in 205quantify surges that could

occur with the predicted future land loss.

The final results of these simulations will provide a ditative assessment of
future storm surges in the 2050 projected land configuration dyJ®GS. Areas of
inundation can be compared to 2005 Katrina flooded locafidns.will demonstrate the
locations of more severe flooding and those with fleexling, based on an event similar

to Katrina, and a potential Category 5 storm striking theidiana coast in 2050.

1.5.2 Abrupt Climate Change.

The second objective of this research is to projecirtipacts of abrupt climate
change through modeling of storms of increasing maximuemgities. Future physically

realistic storms with maximum potential intensity (laoll, 1997) and Emanuel (1987)
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that can be attributed to abrupt climate change willclgated. Simulations of these
storms will be performed and the results analyzed for atspso the Gulf Coast,

specifically the state of Louisiana and the New Orleaers.

An important question in any climate change scenarigillsthe Atlantic THC
remain stable under the global warming conditions ocawver the next few decades
and beyond. If slowing of the THC occurs, how will tlee isheets and continental
glaciers respond? Recent analyses of the Greenlastieets have indicated the flow of
several large glaciers is accelerating. ChangeseanTthC, combined with increased
melting, suggest that previous estimates of future seadlseglof about 0.5 +/- 0.4 m
this century (IPCC, 2001a) are too low (Dowdeswell, 2006). s& lesults indicate a
contribution from the Greenland Ice Sheet of more th&mn year to the global sea-
level rise. These more than double previous estimatlessds from the ice sheet to the
oceans. If these numbers are correct, large influkdsesh water will decrease the

salinities and may trigger a slow down in the thermiokatirculation.

Even without the affects of a THC slow down, a maonsequence of abrupt
climate change could be a significant rise in sed ldwe to glacier and ice sheet melting.
This research will review relevant published results froraptexl ocean-atmosphere
model simulations of 20th - 22nd century climate colledtedhe 4" Assessment Report
of the Intergovernmental Panel on Climate Change (ARAg. 4" \pcc Report model
sea level rise (SLR) projections will be reviewed &l &ws more recent publications to

qguantify a possible range of SLR under abrupt climate &gA@gC) forcing. An
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overview of ADCIRC simulations is shown in Table 1. &esfrom the simulations will
be used to capture ACC impacts on surges along the apaisioast and the Gulf of
Mexico.

For the purposes of evaluating this objective, “abrupt” ghamill be interpreted
as a rise in sea surface temperature (SST) of 6°C dimengeriod from the present to
2050. For comparison if the current trend of SST persis28Gdor 2 decades until 2027,
then 0.4 °C per decade) without an abrupt change the SSild wacrease by
approximately (2 * 0.2) + (2 * 0.4) = 1.2°C by 2047. For the “A1Righ emissions
scenario (IPCC 2001a), global mean temperature incre&stimated to be 4°C by 2100,

or 2°C by 2050.

1.5.3 Frequency Analyses.

Storms projected to form under abrupt climate change conslitwill have
different characteristics than those of the currdimate. These most likely include
higher intensities in terms of stronger wind speeds ancerlogentral pressures.
Consequently these storms will produce higher surges. ygemiwill be conducted to
determine how these storms and surges fit into relapotished for future climate

conditions.
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Table 1 Overview of Storm Simulations

2050 and Abrupt Climate Change Storm Simulations

2050 Current Climate

Mesh

2007 Topography & Authorized Levees

2050 Topography and 100 year Levees

Abrupt Climate Change

Mesh

2050 Topography and 100 year Levees

17

Simulations

High Cat 5 Storms

High Cat 5 Storms, Katrina

Simulations

Increased Intensity Storms



Chapter 2 Storm Surge Models Literature Review

2.1 Historic Storm Surge Models

Numerical estimates of surges due to hurricanes beg&e ilate 1950s. Conner
et. al. (1957) created a methodology to estimate storge duges that began with the
difference between ambient and minimum central pressufe used the formula:

M max = 0.867(p— [p)**28 (2.1)

Wheren maxiS the maximum surg, is the ambient pressure (millibars), grds the
minimum central pressure (millibars). Conner et. B95(F) then revised this equation
after analyzing historical observed surges from land-fallindf @f Mexico tropical
cyclones and developed a regression equatiopax = 0.154(1019- ) . Ambient
pressure was defined as 1019mb. It was later understoopréisatre differences alone
could not quantify the total surge and Hoover (1957) concludsdGbnner equations
underestimated maximum surge heights and computed his ownsiegrequations, one
for the Atlantic coast, and a separate one for thié @uMexico: 1 max = 0.151(1032
Po). These methodologies were superseded in the 1960’s wdreis F1963) created a
somewhat computer assisted empirical model which includesl parameters: (1)
pressure forcing (called the barometer effect) whidhesresult of lower pressure of the
storm causing a “bubble” of water to be forced upwardd{@ct wind (wind setup); (3)
Coriolis force; (4) waves; and (5) rainfall. Harris preted that the first four parameters
were proportional to wind stress, and that rainfallcesrelated with below normal

pressures.
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Jelesnianski et. al. (1972) improved computer based modelingagithinces in
computer hardware and software that enabled the creatoplex computer code which
was called “SPLASH”. SPLASH had three basic stepsotopuite the maximum surge.
The first step calculated a maximum surge based onntipgrieal formulas derived by
Conner et. al. (1957) and Harris (1963). There were five @ntst: (1) radius of
maximum winds is constant; (2) for each set of stormly, the pressure drop is varied;
(3) all storms have steady motions, 15 mph and th& iaoormal to the coast; (4) a
standard simplified coast is used for all storms;alb¥torms make landfall at 30°N. The
second step was an adjustment to the first computiagiamtroducing a shoaling factor to
correct for local coastal bathymetry. The third step t@asorrect for storm direction and
storm speed. The final equations established were:

Max Surge = §x Fs x Fu ~ (Gulf Coast) (2.2)

Max Surge = Sx Fe x Fu  (Atlantic Coast) (2.3)
where $is the preliminary maximum surge estimate,dfd F are the Gulf and East

coast shoaling factors, ang Is the correction factor for storm motion.

During the mid 70’s, the FEMA SURGE model was created hyaTeech, Inc.
and called TTSURGE (Camp Dresser et. al. 1985). TTSURteEdacame known as the
FEMA SURGE model after several updates and applicatlongas used extensively to
map the coastal flood inundation and hazard zones fowdFInsurance Rate Maps
(FIRMs). TTSURGE employs an explicit, 2D, space-ageda finite-difference scheme

to simulate hurricane surges. TTSURGE has two paddjudlricane storm model and the
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hydrodynamic model. The hurricane is defined by its batompressure field and
corresponding wind field over it rectangular grid domainThe two fields are
parameterized by the radius to maximum winds and centesspre depression. The
fields are defined in time by the forward storm veloatyd the computed stress and
pressure gradients provide the forcing for the hydrodynaragein This model uses the
principles of mass and momentum conservation to simthatevater surface response to
hurricanes. A Manning’s n coefficient and bed elevation specified for all grid cells
and water surface elevations are computed for eachTek. FEMA SURGE model was
used in historic Joint Probability Method analyses to deter return periods of surge
elevations (Massey et. al. 2007). The late 1980’s was #hditae the FEMA SURGE
model was used in new or updated flood insurance studievise FIRMs (Massey et.
al. 2007). Although in the early 1990’s coastal engineeringsfiwvere updating the

model to run on desktop computer platforms.

The 1990's saw the development of the SLOSH model by Teobsi
Development Laboratory of the National Weather Ser(itelesnianski et. al., 1992).
SLOSH is a 2D numerical-dynamical tropical storm surgeleh created for real time
forecasting of hurricane storm surges. Since its credtibas been extensively used by
the National Hurricane Center to provide decision mafjeesititative surge estimates to
base critical decisions for emergency evacuations.ir@atlyg, SLOSH used a curvilinear
grid, but has been updated to employ elliptical and hypergatis to allow for finer cell
size near the shore and coarser sizes in less impdotations. SLOSH does include

wetting and drying algorithms and surface wind coefficientetheon land topography.
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Barriers such as roads, dunes, levees, and small chaamelrepresented as sub-grid
elements. Most often hypothetical storms are modelede@tee Maximum Envelope of
Water (MEOW) and Maximum of MEOWs (MOMs). A MEOW iset maximum surge
height at each cell of all sets of storms within $aene category, forward speed, direction
of motion, and parallel tracks. A MOM is the maximuimati MEOWSs with storms of
the same category. When used for real time forecastimyg,the storm forecasted track,
radius to maximim winds, and pressure intensity arerettdVind fields are computed
based on pressure differentials and wind stresses angutedanfor each cell upon which

the resultant surge elevations are calculated.

2.2 ADCIRC

ADCIRC will be used to perform all storm surge modeling.DGARC was
developed by Dr. Joannes Westerink and Dr. Richard Luetictné US Army Corps of
Engineers as part of the Dredging Research ProdraettiCh, et. al. 1992).The purpose
was: (a) to provide a means of generating a databaserbh@& constituents for tidal
elevation and current at discrete locations along #st, evest, and Gulf of Mexico
coasts, and (b) to utilize tropical and extratropidabgl boundary conditions to compute
frequency indexed storm surge hydrographs along the US coHsésdatabase was to
provide site-specific hydrodynamic boundary conditionsuse in analyzing the long-

term stability of existing or proposed dredge materigl@Bal sites.

ADCIRC was developed to simulate hydrodynamic circulaidong shelves,

coasts, and within estuaries. To allow long numesaallations (over one year) over
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very large computational domains (for example the eatis# coast of the United States,
including the Gulf of Mexico), ADCIRC was designed to havgh computational
efficiency and has been extensively tested for both hydragignaccuracy and

numerical stability (USACE New Orleans District, ITR003); Westerink, et. al. 2004).

Since its inception in the early 1990s, ADCIRC has ewbivemany ways that
range from its modeling capabilities, numerical algorithnad computational
efficiencies. Today it is a state of the art finileneent model that enables the use of
highly flexible, unstructured, and large domain meshes (disgrMany agencies and
organizations are using ADCIRC for a wide range of apptinatincluding modeling
tides and wind driven circulation, analyzing hurricane steunge and flooding, dredging
and material disposal studies, estuarine hydrodynamic sfiatievell as larval transport

studies, and near shore marine operations.

An important aspect of the model is that it can simutatal circulation and
storm-surge propagation over very large computational domeamls simultaneously
providing high resolution in areas of complex shoreline igandition and bathymetry.
The mesh domains for hurricane simulations within thé# GuMexico extend from the
mid Atlantic and North from Nova Scotia, cover theirenGulf of Mexico and south past
Venezuela. Figures 3, 4, and 5 provide a visual of the enti@ RO domain and also

the high element resolution along the south shore of Pakéchartrain.
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Louisiana ADCIRC
Mesh

> 2 Million Nodes

> 4 Mallion Elements

Figure 3 ADCIRC Finite Element Mesh used for Louisianasurge modeling
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Figure 4 ADCIRC Mesh Internal Boundaries for Coastal Lousiana
Louisiana Oil Spill Coordinator’s Office (LOSCO), 1998, Tegtic Mapper Image of Louisiana
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gure 5 ADCIRC Mesh Detail Lake Pontchartrain
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In 2002 FEMA accepted ADCIRC to predict return periods of steunges for
use in Flood Insurance Studies (FIS). ADCIRC was thexd @s define the limit of
inland flooding and as a base for calculating wave heifhit mapping coastal zone
hazard areas for the new Digital Flood Insurance Ré&ps (DFIRMS). In 2007 the
USACE completed the Joint FEMA/USACE Louisiana CabStorm Surge Study. This
study used ADCIRC for all storm surge modeling and in a siatstical methodology
called the Modified Joint Probability Method with Optingdmpling (JPM-OS). The
USACE computed all storm surge return periods using the JPNRE&t8odology for
Louisiana. Storm surge return periods were also conaplesimg ADCIRC and the JPM-

OS methodology by a team of private entities for thesMsippi State coast in 2007.

2.2.1 Model Formulation

In two dimensions, the model is formulated using the dapénaged shallow
water equations for conservation of mass and momenteumhermore, the formulation
assumes that the water is incompressible, hydrostagsyre conditions exist, and that
the Boussinesq approximation is valid. Using the standard afimparameterization for
bottom stress and neglecting baroclinic terms, tileviing equations are implemented
in primitive, non-conservative form, and expressed ipteescal coordinate system, and
incorporated into the model (Flather 1988; Kolar et al. 1993tticheand Westerink,

2004).

u, 1 Uﬁgvﬁ_[m%”}v:
ot rcosp o4 R 0¢ R

(2.4)
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where
t = time,
A ando = degrees longitude (east of Greenwich is takesitige) and degrees
latitude (north of the equator is taken positive),
¢ = free surface elevation relative to the geoid,
U andV = depth-averaged horizontal velocities in the lartinal and latitudinal
directions, respectively,
R = the radius of the earth,
H = + h = total water column depth,
h = bathymetric depth relative to the geoid,
f = 20 sine = Coriolis parameter,
Q = angular speed of the earth,
ps = atmospheric pressure at free surface,
g = acceleration due to gravity,

n = effective Newtonian equilibrium tide-generating @otial parameter,
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po = reference density of water,
19 andts, = applied free surface stresses in the longitudind latitudinal
directions, respectively, and
1 = bottom shear stress and is given by the exmre&s{U? + V)2 /H whereC;
is the bottom friction coefficient.
The momentum equations (Equations 2.4 and 2.5(ifflerentiated with respec¢o A and
T and substituted into the time differentiated amnty equation Equation 2.6) to

develop the following Generalized Wave Continuityuation (GWCE):

., &1 a{ 1 (eHuu a(HUVcos¢J UVH@}

a2 Yt Rcoshon | Rcospl  on 30 R

{-2wsin¢HV+ 10 (g(c om)+[—poJ+r* HU - 7o HU - m}

Rcosp o

1&{ 1 (6HW+6HWCOS¢J +UUH R¢+2mS|n¢HU} (2.7)
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The ADCIRC-2DDI model solves the GWCE in conjunativith the primitive
momentum equations given in Equations 2.4 and 2lfe GWCE-based solution scheme
eliminates several problems associated with fielesnent programs that solve the
primitive forms of the continuity and momentum etas, including spurious modes of

oscillation and artificial damping of the tidal saj. Forcing functions include time-
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varying water-surface elevations, wind shear stiesatmospheric pressure gradients,

and the Coriolis affect.

The ADCIRC model uses a finite-element algorithnsatving the defined governing
equations over complicated bathymetry encompasgeadgular sea/ shore boundaries.
This algorithm allows for extremely flexible spatidiscretizations over the entire
computational domain and has demonstrated excebBeaility characteristics. The
advantage of this flexibility in developing a contational gridis that larger elements can
be used in open-ocean regions where less resolstiseeded, whereas smaller elements
can be applied in the near shore and estuary areae finer resolution is required to

resolve hydrodynamic details.

2.2.2 ADCIRC Louisiana mesh validation

The Louisiana ADCIRC mesh has approximately 80%hefnodes and elements
along the Louisiana coast and highly resolved togpolgic and bathymetry definition
extends from portions of Texas, through Louisiavississippi, and into Mobile Bay. All
ridge features such as levees, roads, railwaystased linear features which can impede
flow are either specifically represented in thatérelements or by internal boundaries.
Internal boundaries were modeled as weirs and sept@ non-hydrostatic flow scenario.
Once water levels overtopped these barrier heitfstflow across the crest is computed
using the standard weir formula. All Federal levees captured, as well as numerous
state, local, and private levees. The computatigndl (Figures 3,4, and 5 ) has been

constructed to provide sufficient resolution foe tiidal, wind, atmospheric pressure, and
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riverine flow forcing functions from the ocean basito the coastal floodplain. A
minimum spacing of 100 feet was used since a Ol &, Fredrichs, Levy parameter is
best for the ADCIRC model. An optimum time stepa&do 1 second was used for all
storm simulations using the Louisiana mesh. Thehnvegs validated using 3 historic
storms: Katrina, Rita, and Andrew. Water leveld &ime series results for each of these
storms were compared against measured high wateksnfglWMs) and observed
hydrographs captured for these events. Tidal aatid simulations were also performed
and consistently produced®Ralues greater than 0.9 for the Louisiana, Migsiss
Alabama coast (FEMA and USACE 2008). HWMs for Kadriand comparison results
are documented in the IPET report (USACE, 2007)straight line fit through all of the
USACE HWMs produced a slope of 1.0007. Thus, tbel@hwas over predicting surge
by only 0.07%. The average error is -0.14 foot whihe average absolute error is
1.31 feet. A correlation coefficient §Requal to 0.9317 was achieved. A group of
additional HWMs were collected by URS, Inc. for FENMNnd when using all of these
HWMs the slope of the line through all data powess equal to 1.0315. This indicates
the model is on average over-predicting surge % Bercent. The average error was
0.45 foot while the average absolute error was fie@4 The correlation coefficient R
was equal to 0.9460. Results for Rita and Andresvadso well correlated with HWMs
and hydrographs from these storms. Detailed efuitKatrina and Rita simulations are
in “Flood Insurance Study: Southeastern Parishesisiana, Intermediate Submission 2,

FEMA and the U.S. Army Corps of Engineers (USACEWNOrleans District, 2008.

2.2.3 ADCIRC Numerical Implementation
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The ADCIRC model and Louisiana mesh validation kes@Section 2.2.2)
demonstrate the local accuracy of the ADCIRC medeh though it is globally but not
locally mass conservative. But, there is no stahdaar consensus on the best way to
check local mass conservation. ADCIRC implementsgarous method that directly
integrates the continuity equation over a controlume that coincides with a finite
element or an entire cluster of finite elementsisTinethod provides diagnostics and
ability to determine if transport computations eénvwith these flows will result in
localized mass losses/gains that result in amifioscillations. With this tool, local mass
balance errors have been effectively minimized lzgwate local truncation errors (FEMA
and the USACE, 2008). Local mass conservation remized by use of a locakg” or
Generalized Wave-Continuity Equation (GWCE) weigtifactor that weights the
relative contribution of the primitive and wave pons of the GWCE. Local mass
conservation was checked at the element levelil®ribuisiana mesh and it was found
that over 93% of the domain had a relative errofese$ than 0.01% in magnitude and
72% of the domain had a relative error of less @&31% in magnitude (FEMA and the
USACE, 2008). These errors are within tolerancasadly associated with modeling of
these complex systems.

The GWCE in ADCIRC is implemented by combining thkiferentiated
momentum equation in its conservative form withtémaporally differentiated continuity
equation multiplied by a numerical parameter(Kolar and Westerink, 2000). The
GWCE and the momentum equations are solved segligniihe finite element solution
is implemented using Lagrange linear finite elermentspace and 3 and 2 level schemes

in time for the GWCE and momentum equations re$gaygt Details of the
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discretization and solution techniques used in ARCIlare given in Luettich and
Westerink, 1992; Westerink, 1993; Luettich and Wesk, 2004.

Wetting and drying processes are implemented bases combination of nodal
and elemental criteria (Luettich and Westerink, 49®ietrich et. al. 2005). The
following is a brief overview of the wetting andydrg algorithm following from (FEMA
and USACE, 2008). “All nodes within an element tros wet in order for that element
to be included in the hydrodynamic computationsoTparameters are used to define the
wetting/drying criteria. The first parametdd0 defines the nominal water depth for a
node to be considered wet. The second paramedenisimum velocitylUmin, that must
be exceeded for water to propagate from a wet tm@edry node. Nodes are defined as
initially dry if they lie above the defined stagjirwater level or if they are below the
starting water level but are within pre-definedio&g, such as ring levees as in protected
areas of New Orleans. Wetting is accomplished amexing each dry element with at
least two wet nodes with depth greater thanHO2(ensuring sufficient water depth to
sustain flow to the adjacent node). The velocityhaf flow from the wet nodes toward
the dry node along each element edge is computstiban a force balance between the
free surface gradient and the bottom frictionhl§tvelocity exceedsmin, then the third
node and the element are wetted. Finally, a checlknade for elements that are
surrounded by wet elements to ensure sufficienem@ilumn height (greater than HP
at all flow originating nodes) to allow flow to aacthrough these elements. While a
purely nodal wetting scheme will allow these eletadn wet, the elemental check may
prevent this from occurring. For hurricane stormgsuinundation, wet/dry parameters

that are relatively unrestrictive have been foumdbé most effectiveH0 = 0.10 m, and
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Umin = 0.01 m/s. It is critical that all wet/dry checke done at a small enough time
interval so that the wetting/drying algorithm istnGourant surpassing. This latter
condition artificially retards the wetting front s surge progresses inland and the surge
height will excessively build up behind the wettifigont. Practically, this implies

performing wet/dry checks at each model time stépEMA and USACE, 2008)

2.2.4 ADCIRC Input and Forcing Functions

ADCIRC can be forced by various methods which aescdbed online at

http://www.adcirc.orgas well as all specific input and output formadngput geometry is

specified by the finite element mesh for which tloelisiana mesh shown in Figures 3, 4,
and 5 was used for this work. Forcing functionsligdpin this effort included both river
and atmospheric (winds) forcing. The Mississippd &tchafalaya Rivers were forced
with steady flows of 181,000 cfs and 79,000 cfspeesively. Atmospheric forcing
included both wind speed and atmospheric pressuag/ €5 minutes at each node on a
0.05° longitude and 0.05° latitude rectangular.gidind speed and atmospheric pressure
are computed by an updated version of the TC-96e®Rday Boundary Layer (PBL) wind
model (Thompson and Cardone, 1996). Additionaliimequirements are wind surface
reduction factors, Manning’s n roughness coeffiderand sea surface submergence

state. These parameter definitions and formatsbeafound athttp://www.adcirc.org

Other primary ADCIRC parameters such as time steptaal factors are specified and

defined in a “control” file which is also described the ADCIRC web site.
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Chapter 3 Global Climate Change

3.1 Introduction

Only within the past century or so have we coméutly realize how much the
earth’s climate has changed over the long timeescaf our planet’'s evolution. Many
scientists and people of all walks of life haveodisal and endeavored to understand our
climate. A complete history of these efforts aesults would take volumes. This chapter
will focus primarily on the summaries and results tbe reports produced by the
International Panel on Climate Change (IPCC) ofchhhe first was published in 1990.
A very brief outline of major advances in this effare covered within the next few

paragraphs.

Throughout history some people believed that hun@amdd affect climate in
some way or another but had no way of actually ipge@ny theories. In the early 19
century many Americans believed cutting down fardstought more rain to a region.
Discovery of the ice ages opened the eyes of maiytists and demonstrated that the
earth’s climate did change and very drasticallyowdver, it was thought that the time
scales were over tens to thousands of years, amthed&new why or what forced these
changes. It occurred to several scientists thabbtieese could be the composition of the
atmosphere. Joseph Fourier was one of the finsalive that energy in the form of light
from the sun penetrates the atmosphere to heahaugurface but could not as easily

escape back into space. (Online hditp://www.aip.org/history/climate/index.htinHe
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theorized the air absorbed invisible heat raysdned radiation) from the surface. Once
heated, the warmer air radiates heat back downetsurface thus keeping it warm. This
effect later came to be called the “greenhousegffe

The question of the explanation of the ice agesgumed other scientists such as
John Tyndall who later (1850's) identified sevegakes (water vapor, carbon dioxide)
that he proved in his laboratory did trap heat .ralysllowing Tyndall, Svante Arrhenius
also sought to solve the mystery of the ice agescaiftulated that by cutting the amount
of CO, in the atmosphere in half, could lower the tempeeain Europe by 5-7C or
approximately 7-9°F, which was the temperature of the ice ages. (@nlat

http://www.aip.org/history/climate/index.htinBut this answer was a solution to the

mystery only if the large changes in the atmosghevimposition were actually possible.
In looking for this answer, Arrhenius brought ug thossibility that as humans burned
coal that added carbon to the atmosphere, the ptraos would heat up and raise the
average temperature of the earth. But scientistsdfanany reasons to doubt that human
emissions could actually raise the temperaturd@feiarth and if possible, it would take

thousands of years.

During the 1930’s scientists and most people redlithat the U.S. and North
America had warmed significantly during the lasty®@rs. Most thought is was a natural
cycle except for Guy Stewart Callendar who insidted is was the greenhouse warming

effect and the warming would continue.
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In the 1950’s scientists performed more detailesgaech into the questions raised
by Callendar, and did so with better techniques @aldulations (and funding from the
military). Results showed that accumulation of carloioxide in the atmosphere could
result in increased global warming. Then in 196@ce and careful measurements were
performed by Charles David Keeling both in Antaratiand on top the Mauna Loa
volcano in Hawaii. Continued measurements and egient publications proved
inexorably that carbon levels were becoming nobbedigher each year. The now
famous “Keeling curve” has become one of the moshic symbols of the greenhouse
effect. Over the next decade scientists creatagdlsimathematical models of the climate
that showed feedbacks which could make the climesey variable. The field of
paleoclimatology was born with people finding wagsretrieve ancient temperatures
using ancient pollens and fossils. They found ewieethe climate had changed in a small
a span as a few centuries. The new general diimalelimate models were even able to
reproduce these climates and the models themsekmesthe results of significant efforts
to predict the weather. However, altogether s@é&ngaw no need for political or policy

actions but just the need for more understandiigresearch efforts.

Environmentalism of the 1970’s brought ideas onttemendous negative effects
humans had on the earth and our climate. The nssiz@d upon reports by scientists
that showed the dust and smog particles being mot the atmosphere could block
sunlight and cause general cooling. There becamiigion with some reports predicting

large scale warming with the ice caps melting, atiebrs which pointed to a doomsday

35



view to a new ice age. All scientists agreed thatimmore research was needed because

we clearly did not fully understand the climateteys.

Research began a great pace to obtain detailedure@@nts and observations of
all aspects of the climate and our environment. Weeld soon began to realize the
climate was an amazingly complex system which w#asanced by very many factors.
These included volcanic eruptions, solar flaresl, subtle changes in the Earth’s orbit. It
became apparent that even small changes mighatenilarge and severe shifts over to
new climate regimes. The now famous “chaos” thedgwveloped by Lorenz (1963)
explained that the most insignificant change aiahiconditions might randomly bring a
huge change in the future climate. “Climate maynway not be deterministic," he
concluded. "We shall probably never know for sufedrenz, 1963) These theories were
later supported by analyzes of the Greenland an@rética ice cores which showed

large and abrupt temperature changes throughotigt@y of our climate.

The 1980’s and 1990’s brought about significant aadements in computer
hardware and software technology. This enableddrelous improvements in numerical
climate models. These models showed just how fasinges could occur in the
atmosphere and ocean and also predicted stormaglis) sea level rise and other
disasters. However, the models did not captureliatiate aspects equally. Assumptions
and parameterizations had to be made about cludi®ther factors which prominent
scientists pointed out to dispute the reliabilifytloe results. There was a need for more

coherent and organized approach but the reseanchined disparate and unorganized.
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During this time the unexpected discovery of othases levels in the atmosphere were
rising and were related to depletion of the ozoayed. Also, in the 1980’s global
temperatures were being observed to be on theagae. It was 1988 that scientist’s
claim first caught high public attention as 1988&w&imed the hottest summer on record
(now since exceeded by several years in the 1980 2" century). There was a
constant and highly aggressive debate on what rectio take and how much
governments should intervene. Eventually, the wergvernments created a panel to
provide the most reliable possible advice obtainech thousands of climates experts and
scientists. This became the International PaneClimate Change who established a
consensus that it wasuch more likely than not that our world in fact is in a global

warming state.

3.2 International Panel on Climate Change (IPCC) 1 through 3™

Assessments

The World Meteorological Organization (WMO) and thénited Nations
Environment Programme (UNEP) created the IPCC 88Mith the task of assessing the
scientific, technical, and socioeconomic informati@levant for understanding the risk
of human-induced climate change. The original ratsdor the IPCC was extensive:
‘(@) ldentification of uncertainties and gaps inr quesent knowledge with regard to
climate changes and its potential impacts, andgregjon of a plan of action over the
short-term in filling these gaps; (b) Identificatiof information needed to evaluate
policy implications of climate change and resposisategies; (c) Review of current and

planned national/international policies relatedh® greenhouse gas issue; (d) Scientific
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and environmental assessments of all aspects gfréemhouse gas issue and the transfer
of these assessments and other relevant information governments and
intergovernmental organizations to be taken intwoant in their policies on social and
economic development and environmental progranBCC, 2007) The IPCC has three
Working Groups and a Task Force. Working Group IG\Vassesses the scientific
aspects of the climate system and climate chanbie Working Groups Il (WGII) and
[l (WGIII) assess the vulnerability and adaptatmisocioeconomic and natural systems
to climate change, and the mitigation options faritihg greenhouse gas emissions,
respectively. The Task Force is responsible for IR€C National Greenhouse Gas
Inventories Programme. (IPCC, 2007) A primary aistiof the IPCC is to provide on a
timely basis an assessment of the state of knowledg:limate change. This section will
focus on a summary of the key advances and acceimpéints of the First (FAR),

Second (SAR), and Third (TAR) Assessments Reports.

The IPCC reviews and synthesizes the scientifediure to create its reports to
base them upon the best available science. Imgdbia work, the IPCC also contributes
by identifying key uncertainties and coordinatiogused research to address and answer
specific important climate change questions. Hareslimate scientists cannot perform
controlled experiments on the Earth and easily meseesults. Earth science disciplines
are similar to astronomy and cosmology. But tartbeedit, thousands of empirical tests
of various hypotheses have built a large body offEscience knowledge. By combining
both models and observations, tests can be madestoplanetary-scale hypotheses.

Consider the example of global cooling resultingnir the eruption of Mt. Pinatubo
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which provided important tests of specific asp@étsome climate models (Hansen et al.,
1992). Another example is the subsequent measutemend observations of
temperatures compared to the projections of the , FAR, and TAR. Figure 6 shows
that FAR model projections were higher than the S TAR, and also higher than
actual observations. The actual observations aeoge the SAR but within and near the

upper range of the TAR (IPCC, 2001a).

Over the years IPCC efforts were required to ireeedramatically to keep pace
with the ever increasing amount of climate relatskarch. Between 1965 and 1995, the
number of articles published each year in atmosplssience journals tripled (Geerts,
1995).  Stanhill (2001) found that the climate d®nscience literature grew
approximately exponentially with a doubling time 1df years during the period 1951 to
1997. Additionally, 95% of all the climate changeence literature since 1834 was

published after 1951. (IPCC, 2007)
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Figure 6 Yearly Global Average Surface Temperatures (IPCC2007)
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Yearly Global Average Surface Temperatures from (IPE@7, AR4AWG1_ChO01, Figure 1.1)
Temperatures are relative to the mean 1961 to 1990 valueasamdjected in the FAR (IPCC,
1990), SAR (IPCC, 1996) and TAR (IPCC, 2001a). The “begnasti’ model projections from
the FAR and SAR are in solid lines with their rangeesfimated projections shown by shaded
areas. The TAR did not have “best estimate” modekptigns but rather a range of projections.
Annual mean observations are shown in black circiebs the thick black line shows decadal
variations obtained by smoothing the time series usit@ygoint filter.

Over the years, collection of observed temperatlata and analyses techniques
have changed; however they all show a high degfemmsistency. Figure 7 shows
various published records of observed average btebgerature with that of Brohan et
al. (2006), being the longest. Most results agnetedifferences are greatest where the
data is sparse. Willett’'s (1950) series agreesadivexcept prior to the 1880’s where
only 11 stations were used prior to 1850. The mdiffgrent data sets and averaging
techniques, and then the agreements and consistéribgir results blends together to

increase our confidence that the changes they detnabe are real.

Knowledge of past and ancient climates has becammeasingly important to
help qualify the nature of ongoing changes andstagsithe detection and attribution of
those changes. Detection can be defined as theeggof recognizing a change has
occurred, usually in a statistical manner without stating the reason for the change.
Because we cannot perform laboratory experimentsn uihe Earth, attribution of
anthropogenic climate change can only be obtaiyeda) detecting that the climate has
changed (as defined above); (b) demonstratingthieatletected change is consistent with
computer model simulations of the climate changgna’ that is calculated to occur in
response to anthropogenic forcing; and (c) dematsty that the detected change is not
consistent with alternative, physically plausiblglanations of recent climate change

that exclude important anthropogenic forcings (IPQ007). Results from the TAR
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present evidence of many research results demtingtraodel-predicted “fingerprints”
of anthropogenic climate change and taken togétiese efforts clearly present the case

for an identifiable human influence on the glodahate.
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Figure 7 Global Average Temperature Series from (IPCC, 2007

Figure 1.3. Published records of surface temperature change aver large regions. Képpen (1881) tropics
and temperate latitudes using land air temperature. Callendar (1938) global using land stations. Willett
(1950) global using land stations. Callendar (1961) 60°N fo 60°S using land stations. Mitchell (1963) global
using land stations. Budyko (1969) Northern Hemisphere using land stations and ship reports. Jones et al.
(1986a,b) global using land stations. Hansen and Lebedeft (1987) global using land stations. Brohan et al.
(2006) global using land air temperature and sea surface temperature data is the longest of the currently
updated global temperature time series (Section 3.2). All time series were smoothed using a 13-point filter.
The Brohan et al. (2006) time series are anomalies from the 1961 to 1990 mean (°C). Each of the other time
series was originally presented as anomalies from the mean temperature of a specific and differing base
period. To make them comparable, the other time series have been adjusted fo have the mean of their last
30 years identical to that same period in the Brohan et al. (2006) anomaly time series.

With increasing temperatures, the affects of thee@land and Antarctica ice
sheets, continental glaciers, snow, sea ice, ravet lake ice, as well as permafrost,
become even more important. Together, these fEattompose the “cryosphere” and
have varying affects on the climate. Potentialactp on ocean circulation and sea level
are very important and pose significant hazardsumans. A sea level rise of 5 meters
was projected with the melting of the western Actiarice shelves and subsequent loss
of the West Antarctic Ice Sheet to the ocean (Mert@78).

With developments in the understanding of the oiceaand atmospheric

circulations, scientists now better understandsthength and variability of global ocean
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circulation but there is still debate to its conteleole in the climate. To better
understand the climate and these factors, climatentssts now rely heavily upon
numerical models. Due to the speed and power déys supercomputers, model
complexity has also increased by including more miade components, increasing the
length of simulations, as well as spatial resohgio Figure 8 portrays spatial resolution
advancements from the FAR through AR4. Since thikwf Lorenz (1963) people have
known that even simple models may display complkxalior because of their inherent
nonlinearities. Additionally, it has been foundttkay processes (e.g. clouds, vegetation)
that have significant control on climate sensitivaind abrupt climate change depend on

very small spatial scales.
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Figure 8 Spatial Model Resolutions from (IPCC, 2007)

Figure 1.4. Geographic resolution characteristic of the generations of climate
models used in the IPCC Assessment Reports: FAR (IPCC, 1990), SAR (IPCC, 1996),
TAR (IPCC, 2001a), and AR4 (2007). The figures above show how successive genera-
tions of these global models increasingly resolved northern Europe. These ifllustra-
tions are representative of the most detailed horizontal resolution used for short-term
climate simulations. The century-long simulations cited in IPCC Assessment Reports
after the FAR were typically run with the previous generation’s resolution. Vertical
resolution in both atmosphere and ocean models is not shown, but it has increased
comparably with the horizontal resolution, beginning typically with a single-layer slab
ocean and ten atmospheric layers in the FAR and progressing to about thirty levels in
both atmosphere and ocean.
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3.3 International Panel on Climate Change (IPCC) 4™ Assessment
Report (AR4)

The Working Group | contribution to the IPCC AR4sdgbes in detail the human
and natural drivers of climate change. This repobuilt upon the past IPCC work of the
First (FAR), Second (SAR), and Third AssessmentdrRep(TAR), respectively. The
IPCC ARA4, released in the fall of 2007, captures nesearch and results spanning the
six years after the TAR. The tremendous accompigsiis of AR4 were so outstanding,
the entire IPCC Board of Scientists along with eiexchange activist and former Vice
President of the United States Al Gore, shared20@/ Nobel Peace Prize for their
efforts.

This chapter presents a brief summary of AR4 figdinHowever the AR4
provides new uncertainty guidance and the likelthad a result or outcome. The

standard terms used for levels of confidence are:

Table 2 IPCC Levels of Confidence Terminology (IPCC, 2007)

Confidence Terminology Degree of confidence in being correct
Very high confidence At least 9 out of 10 chance

High confidence About 8 out of 10 chance

Medium confidence About 5 out of 10 chance

Low confidence About 2 out of 10 chance

Very low confidence Less than 1 out of 10 chance

Standard terms to define the likelihood of an eaat
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Table 3 IPCC Likelihood of Occurrence Terminology (IPGC, 2007)

Likelihood Terminology Likelihood of the occurrence/ outcome
Virtually certain > 99% probability
Extremely likely > 95% probability
Very likely > 90% probability
Likely > 66% probability
More likely than not > 50% probability
About as likely as not 33 to 66% probability
Unlikely < 33% probability
Very unlikely < 10% probability
Extremely unlikely < 5% probability
Exceptionally unlikely < 1% probability

The following are listing several of the primargdings of the IPCC ARA4:

Greenhouse gas concentrations of carbon dioxidéhame, and nitrous oxide
have increased significantly due to human actsis@d now far exceed values
obtained from ice cores spanning thousands of y€&adon dioxide is the most
important gas (Figure 9) and now exceeds a prestndulevel of 280 ppm to 379
ppm in 2005. Natural levels derived from ice corasge from 180 to 300 ppm
over the last 650,000 years.

Global warming is now undisputable as evident inasueed increases in the
average global air and ocean temperature as weheasvorld wide melting of
glaciers and ice sheets, and the rise in averadgmbtea level (Figure N.2).
Numerous long term climate changes have occurredssiccontinental and
regional scales. These include widespread chamgegrecipitation, ocean
salinity, wind patterns, and extreme weather inicigd droughts, heavy
precipitation, heat waves, and the intensity opital cyclones. (Figure 9 and

Table 4 and 5).
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e Since the TAR, major advancements have been rdaiizedhe assessment of
climate change projections due to the significanprovements in numerical
climate models, the broader range of models, arel ldrger number of
simulations available. Model simulations cover ange of future scenarios
including idealized emissions or concentrationsesehinclude SRESillustrative
marker scenarios for the 2000 to 2100 year pedasdyell as concentrations held
constant after year 2000 or 2100.

e For the next 20 years, a warming of about{C2er decade, or 02 by around
2027, for the range of SREScenarios. Continued greenhouse gas emissions at
or above the current rates would cafis¢her warming and induce many changes
in the 2F' century that wouldvery likely (>90% probability) be larger than those
of the 28" century. (Table 6 and Figure 10)

e Very likely of slow down of meridional overturniragirrent or THC

e Anthropogenic warming and sea level rise would iomet for centuries due to the
time scales associated with climate processes egab#acks, even if green gas

concentrations were stabilized to those of today.
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CHANGES IN GREENHOUSE GAses FrRoM Ice CoRE
AND MoDerN Data
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CHANGES IN TEMPERATURE, SEA LEVEL AND NORTHERN HEMISPHERE Snow CoVER
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Figure 10 Observed changes in global temperatue, sea leand snow cover
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Table 4 Sources of sea level rise (IPGBR, SPM Table SPM.1)

Rate of sea level rise (mm per year)

Source of sea level rise 1961-2003 1993-2003
Thermal expansion 0.42 +0.12 1.6+ 05

Glaciers and ice caps 0.50 + 0.18 0.77 £ 0.22
Greenland Ice Sheet 0.05 = 0.12 0.21 = 0.07
Antarctic lce Sheet 0.14 + 0.41 0.21 + 0.35
Sum of individual climate 1105 2807

contributions to sea level rise

Observed total sea level rise 1.8 £0.59 3.1 x0.72
Difference

(Observed minus sum of 0.7x0.7 03x1.0

estimated climate contributions)

Table 5 Recent trends and projections IPCC FAR
Recent trends, assessment of human influence oreti &ind projections of extreme weather
events for which there is an observed 2@ntury trend. (IPCC FAR, Table SPM.2)

Likelihood of a
human contribution
to observed trend®

Likelihood of future trends
based on projections for
21st century using

Likelihood that trend
occurred in late 20th
century (typically

Phenomenona and

direction of trend

post 1960) SRES scenarios
Warmer and fewer cold
days and nights over Very likely® Likelyd Virtually certaind
most land areas
Warmer and more frequent
hot days and nights over Very likely® Likely (nights)d Virtually certaind
most land areas
Warm spells/heat waves.
Frequency increases over Likely More likely than not Very likely
most land areas
Heavy precipitation events.
Frequency (or proportion of . ) .

f

itz el st Bzezes ) Likely More likely than not Very likely
increases over most areas
Area affected by Likely in many . .
droughts increases regions since 1970s More likely than not Likely
Intense tropical cyclone Likely in some . . .
activity increases regions since 1970 More likely than not Likely
Increased incidence of
extreme high sea level Likely More likely than notth Likely!
(excludes tsunamis)?

Table 6 Projected global average surface temperature and_B

Temperature Change Sea Level Rise
(°C at 2090-2099 relative to 1980-1999)2 (m at 2090-2099 relative to 1980-1999)
Best Likely Model-based range excluding future
estimate range rapid dynamical changes in ice flow

Constant Year 2000
concentrations® 0.6 03-09 NA
B1 scenario 1.8 11-29 0.18-0.38
A1T scenario 2.4 14-38 0.20-0.45
B2 scenario 2.4 1.4-38 0.20-0.43
A1B scenario 2.8 17-44 0.21-0.48
A2 scenario 3.4 20-54 0.23-0.51
A1Fl scenario 4.0 24-64 0.26 - 0.59
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MuLti-MobpEeL AVERAGES AND AsSESSED RANGES FOR SuRFACE WARMING
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Figure SPM.5. Solid lines are multi-model global averages of surface warming (relative to 1980-1999) for the scenarios A2, A1B and BT,
shown as continuations of the 20th century simulations. Shading denotes the =1 standard deviation range of individual model annual
averages. The orange line is for the experiment where concentrations were held constant at year 2000 values. The grey bars at right
indicate the best estimate (sofid line within each bar) and the likely range assessed for the six SRES marker scenarios. The assessment of
the best estimate and likely ranges in the grey bars includes the AOGCMs in the left part of the figure, as well as results from a hierarchy
of independent models and observational constraints. {Figures 10.4 and 10.29}

Figure 11 Projected average global surface temperaturesCC FAR, Figure SPM.5)
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Table 7 SRES emission scenarios (IPCC, 2007 8pEReport on Emission Scenarios)

THE EmissioNn Scenarios ofF THE IPCC SpeciaL REporT on EmissioN Scenarios (SRES)17

Al. The Al storyline and scenario family describes a future world of very rapid economic growth. global
population that peaks in mid-century and declines thereafter. and the rapid introduction of new and more efficient
technologies. Major underlying themes are convergence among regions, capacity building and increased cultural
and social interactions. with a substantial reduction in regional differences in per capita income. The Al scenario
family develops into three groups that describe alternative directions of technological change in the energy system.
The three A1 groups are distinguished by their technological emphasis: fossil-intensive (ALFI). non-fossil energy
sources (A1T) or a balance across all sources (A1B) (where balanced is defined as not relying too heavily on one
particular energy source. on the assumption that similar improvement rates apply to all energy supply and end
use technologies).

A2. The A2 storyline and scenario family describes a very heterogeneous world. The underlying theme is self-
rehiance and preservation of local identities. Fertility pattems across regions converge very slowly, which results
in continuously increasing population. Economic development is primarily regionally oriented and per capita
economic growth and fechnological change more fragmented and slower than other storylines.

B1. The BlI storyline and scenario family describes a convergent world with the same global population, that
peaks in mid-century and declines thereafter. as in the Al storyline. but with rapid change in economic structures
toward a service and information economy. with reductions in material intensity and the introduction of clean
and resource-efficient technologies. The emphasis is on global solutions to economic. social and environmental
sustainability. including improved equity. but without additional climate initiatives.

B2. The B2 storyline and scenario family describes a world in which the emphasis is on local solutions to
economic, social and environmental sustainability. It is a world with continuously increasing global population. at
a rate lower than A2, infermediate levels of economic development, and less rapid and more diverse technological
change than in the B1 and A1 storylines. While the scenario is also oriented towards envirommental protection and
social equity, it focuses on local and regional levels.

An illustrative scenario was chosen for each of the six scenario groups A1B, AIFL A1T, A2, Bl and B2. All
should be considered equally sound.

The SRES scenarios do not include additional climate initiatives. which means that no scenarios are included
that explicitly assume implementation of the United Nations Framework Convention on Climate Change or the
emissions targets of the Kyoto Protocol.

3.4 Abrupt Climate Change

Since the 1800’s and through today a vast rangegemfmorphology and
paleontology studies have provided knew knowledgeamth’s past climates going back
to hundreds of millions of years. The Paleozoia 800 Ma) showed evidence of both

warmer and colder climate than the present; whigeTertiary Period (6.5 to 2.6Ma) was
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generally warmer, and the Quaternary Period (2.@dMparesent) has shown oscillations
between glacial and interglacial conditions (IPQ0Q7). Over the years people have
become aware that long term climate observations significantly advance the
understanding of the physical mechanisms affe¢tiegclimate. Palaeoclimatic research
has escalated over the last decade with a pletifaraw techniques to retrieve numerous
climate characteristics. With the discovery of tpabrupt climate changes first
discovered in Greenland (Dansgaard et al., 198d)Amtarctic ice cores, these efforts
have become even more important. Within these gtstéabrupt’ designates regional
events of large amplitude, typically a few degr€essius, which occurred within several
decades — much shorter than the thousand-yearstales that characterize changes in
astronomical forcing (IPCC 2007). Further analysédce cores during the 1990’s
identified numerous changes (Dansgaard et al., )1988t were abrupt (Alley et al.,
1993) and of large magnitude. These changes awvecatled the Dansgaard-Oeschger

events.

Now even more stunning evidence of really fastdastymatic shifts within 1 to 3
years have been identified by analyzing new icesdrom the Northern Greenland Ice
Core Project (Steffensen et al. 2008). The autkbmwv that middle to high northern
latitude atmospheric circulation changed withinol3 years. They found deuterium
excess, which is a proxy of Greenland precipitatioisture source, switched mode
within 1 to 3 years and initiated a more gradud {f&ar) change of Greenland air
temperature. Along with deuterium excess, the amstluseds'®0 (a proxy for local

temperature), dust and calcium (originating at latitude Asian deserts), and sodium.
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These enabled a high resolution record which allbthem to precisely define the shifts.
Normally, ice core records are ‘fuzzy’ at thesedistales and this is the first publication

with such high resolution results.

In addition to ice cores, palaeoclimate studies msmerous types of physical
records to reconstruct the past which include polkrords, insect and animal remains,
oxygen isotopes and other geological data formslak®l ocean sediments and even cave
stalagmites. A climate proxy is generally defingsl a quantitative record, such as
thickness and chemical composition of tree ringggen isotopes, and pollen of different
species. A “transfer function” is created basegloysical principles and recent observed

correlations between the two records.

Scientists are now using multiple types of climatexies which complement
each other. Steffensen et al.,, (2008) is an exaropléhis type of effort because
traditionally ice cores data is blurry at scalessléhan a decade. Stalactites and
stalagmites have increasingly become valuable @3 t@solution proxies of prehistoric
climates. They complement the ice core data bgalwy climate information on the
interior of continents away from ice sheets anaigla. Stalagmites and stalactites are
deposits of calcium carbonates called speleothents &f course form in caves.
Fleitmann (2008) analyzed stalagmites from cavesnflOman and Yemen to study
climate of the Persian Gulf over the last 10,00@rye Speleothems are one of the

exciting new proxies because of their great prenisirom one year to decades. Treble et
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al. (2007), found a very abrupt climate shift apjmately 16,070 years ago using

speleothems from Asia.

Paleotempestology is a relatively new field devosedcifically to the study of
ancient storms using the geologic record. Liu @0famined the frequency of ancient
Gulf Coast tropical cyclones by analyzing near sheand over-wash deposits. Liu
identified a Gulf Coast ‘hyperactive period’ abd#00 to 1000 yr ago during which
catastrophic hurricanes struck 3 to 5 times mogquently than during the most recent
millennium (Liu 2004). Paleotempestology recordsvile a better estimate of the
‘worst case scenario’ than conventional historfuairicane databases because very long
records are more likely to sample very rare, cadphkic events with long recurrence

intervals of hundreds to thousands of years (Feapgtial. 2007).

From this brief summary above, one can begin tasege continue our efforts to
retrieve prehistoric climate information, large lscabrupt climate changes abound
throughout the earth’s history. Accumulation ofdewice points continues to point to
abrupt changes that are possible within less tllayears rather than on a scale of 100 to

1000 years as previously surmised.
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Chapter 4 2050 Storm Surge Simulations with Present Climate

4.1 Introduction

Dating from the early 1940’s significant effortsvkabeen performed to map the
northern Gulf Coast of Mexico and quantify not otilg land loss and land gain but also
the rich and changing ecosystem of the entire codste earliest land loss maps date
from 1946 Corp of Engineers photography. Sincentheseries of mapping efforts
coordinated and funded by several Federal and Stggecies have quantified the coastal
changes over time (Britsch, Dunbar, 1993). With dma of the satellites, the U.S.
Geological Survey, the U.S. Army Corps of Enginearsl Louisiana state agencies
successfully used LANDSAT imagery to quantify lalods and gain from the 1970’s
through 2002 and used these historic rates to gir@eastal wetland areas in 2050
(Barras et al, 2007). This work was performedanjenction with the Louisiana Coastal
Area (LCA) project. The Corps of Engineers, USGS] &tate of Louisiana quantified
land loss rates for delineated sub domains, basédudstorical photos and satellite data to
produce a projected land loss/gain for the yeai020B support of LCA, the Coastal
Louisiana Ecosystem and Restoration (CLEAR) Progpanformed additional analyses
and produced datasets quantifying ecological antamg changes for several future
scenarios. The future landscapes were modeled g with state, federal, and local
protection and restoration projects in place, adl a® with “no increased actions”
(Twilley et al., 2008). A 2050 landscape was adabased on a “degraded” coastal

zone. Using this degraded landscape, ADCIRC 2@a0ngtry was created as well as a

54



friction layer based on the Manning’s n valuestef wetland features. Figure 12 shows
the difference between ADCIRC mesh which repres@@S0 topography and the
ADCIRC mesh which represents 2007 conditions indbeth eastern Louisiana area.
The “2007” denotes the configuration of the leveghts surrounding the New Orleans
area and not specifically the topography. Topdgyapnd bathymetry encoded in the
“2007” ADCIRC mesh were compiled from LIDAR collect from 2001 through 2005
and the most recent bathymetry available at the trihconstruction of the ADCIRC
mesh. Generally, 2050 topography is approximatetp B feet lower than 2007 mesh
topographic elevations but only in areas of higbsiem or local subsidence. However
there are some regions with land gain and 2050g@piy is higher than present-day
elevations. The 2050 geometry was delineated wii72levee heights and then a
duplicate geometry was created but with 2057 ldeghts. These ADCIRC geometries
were used in the 2050 storm simulations. Havingldéished the landscape of 2050, one
can then ask “What are the results of a Katrina-Bkorm in 50 years?” A Planetary
Boundary Layer wind model was used to create Katmmnds which were simulated
with ADCIRC and the results of these simulations @etailed below. However, Katrina
and Rita were not physically the most potentialghhCategory 5 storms making landfall
on the coast. Questions now arise as to assumday’s climatology will be similar to
the climatology 50 years in the future, what aee thost physically possible storms, and

what are the results if they were to strike theitiama coast.
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Figure 12 Difference Between 2050 topography and ADCIRC miedopography of present-
day topography with 2007 levee configuration

4.2 Analyses

What is potentially the most intense storm capabkriking the Louisiana coast?
Much work has been done to answer this questiomariiel (1987) was the first to
introduce the concept of the maximum potentialnsity for a tropical cyclone and link
greenhouse gas-induced warming to potential infeimsireases. The maximum potential
intensity (MPI) can be defined as the upper linfiinbensity that a TC can achieve based
on conditions such as sea surface temperaturepnadgsurface temperatures, and
moisture content. But the MPI does not include dyicaeffects such as wind shear.
Given the today’'s climatology, a theoretical maximyotential intensity (MPI) was
estimated as 880 mb (Resio, 2007). This MPI waaioéd by combining the results of
Tonkin et al. (2000) and Schade (2000). Tonlkanhal. performed a comparison of the

Emanuel (1986,1991) and Holland (1997) theoretid#1 models. Storms were
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examined within three areas: 1) the Australiantseast Pacific region, 2) the northwest
Pacific region, and 3) the North Atlantic regionglte 4.1 shows the comparison of
these two models by Tonkiret al. This application used a climatological mean Sea
Surface Temperature (SST) defined over the per®®®11979. Figure 13 shows a strong
relationship exists between climatological SST galand the lowest central pressures.
In the range of SST values from°2® 28 (C), the minimum central pressures of the
Holland Model, the Emanuel model and the obserméehsities are all in approximate
agreement. However, above®Z€) the Holland model and the observations cortitau

show decreasing central pressures with increasahges of SST but the Emanuel model

does not.
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Figure 13 Relationship Observed MPI v3.heoretical
Relationship between observed minimum central presgark) and sea surface temperature (°C) in the
North Atlantic basin (from: Tonkiet al., 2000).

Schade (2000) provides another method for computatnd relation of the MPI
to SST. Schade proposes that there are two priafacts of the SST field on tropical
cyclone intensity. First, the large-scale ambB&T field “sets the stage for the tropical

cyclone.” Second, the intensity of a tropical oy® is highly sensitive to the reduction
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of the SST in the interior region of the storm do¢he response of the ocean to surface
winds. Thus, the interior SST which can be coor produce a negative feedback and
essentially limit the decrease in central stormsgues. The highest average August-
September SST for the Gulf of Mexico for the perd®d0-2006 have varied from as low
as 28.17C in 1984 to as high as 2949 in 1962. (Resio, 2007) The dotted vertical line
in Figure 14 shows this historical maximum plotiad top of Schade’s results. The
heavy solid line along the top of Figure 14 denobesMPI value without consideration
of any negative feedback of the type discusseddmmad&e. Thus, this value is expected to
represent a maximum possible threshold for the MRitting these results together one
can deduce that a value of 880mb represents abferigerhaps slightly conservative)

value for the MPI in the Gulf of Mexico. (Resio,®0
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Figure 14 cyclone intensity afunction of the SST under the eye (Schade, 2000).
The solid and the dashed lines correspond to ambietiveehumidity of 75% and 85%, respectively. The
heavy lines mark the maximum possible intensity thatalized neglecting (negative) SST feedback. The
thin lines connect points with the same ambient SST.
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4.3 Results

Using the theoretical maximum MPI of 880 mb, fiversns (numbered 191
through 195) with a radius to max winds of 25 naaltmiles, were simulated along five
different tracks across southeast Louisiana showfigure 15. These tracks are labeled
T1 through T5 and are the primary tracks used e @orps of Engineers Louisiana
Coastal Protection and Restoration (LACPR) storngesistudy. Figures 16 through 19
show the peak surge levels for 2007 conditionsstorms 192 through 195. Table 8
displays the parameters for each of these storlmsseTfive storms were also simulated
on the 2050 ADCIRC geometry and Figures 20 thra2gyshow the peak surge levels for

these 2050 degraded coast conditions.

Storm 27, 2032 Minimum Pressure=900 Rad=21.8 Hol=1.27 Fv=11

32°N

30°N

28°N

26°N

in|Cp 880mb
Rmax 21.8nm TSve

24°N

220“ L . > U O
93°W 90°W 87°W 84°W 81°wW 78°%W

Figure 15 Storms 191 through 195 tracks
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Table 8 Storms 191 throud®5 parameters

Storm MPI Radius to Forward Track
Max
Number (mb) Winds(nm) Velocity Number
191 800 21.8 11 T1
192 800 21.8 11 T2
193 800 21.8 11 T3
194 800 21.8 11 T4
195 800 21.8 11 T5

SL15_2010_r07

Storm 192
Max. Water Level (Ft)

30°

[tV 2007 Jun 25 12:51:28

Figure 16 2007 Topography Storm 192 Surge Peaks (USACE, LACPR@ Tech Report)
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30°

30°

SL15_2010_r07

Storm 193
Max. Water Level (Ft)

[EX¥d 2007 Jun 25 13:13:12]
Figure 17 2007 Topography Storm 193 Surge Peaks (USAQERACPR 2007 Tech Report)

SL15_2010_r07

Storm 194
Max. Water Level (Ft)

[eT¥p 2007 Jun 25 13:37:27

Figure 18 2007 Topography Storm 194 Surge Peak (USACE, LACPR 200@ch Report)
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SL15_2010_r07

Storm 195
Max. Water Level (Ft)

30°

HO<SOE RO

[etWall 2007 Jun 25 14:04:52

Figure 19 2007 Topography Storm 195 Surge Peak (USACE, LA®R2007 Tech Report)
Storms 191 through 195 were also simulated withO2€itastal topography using
an ADCIRC 2050 geometry. The maximum surge elematigenerated over the entire

storm event, are shown for each storm in Figurethugh 24.

62



an’

30°

clear_05092007

Storm 191
Max. Water Level (Ft)

E !EIP(W’\.I—MWHRR(P

Figure 20 2050 Conditions Storm 191 peak surge elevations
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Figure 21 2050 Conditions Storm 192 peak surge elevations
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Figure 22 2050 Conditions Storm 193 peak surge elevations
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Figure 23 2050 Conditions Storm 194 peak surge elevations
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Figure 24 2050 Conditions Storm 195 peak surge elevations

Table 9 shows the comparison of peak surge for eamim for each condition.
As can been seen, the peaks are all larger fo2@68 conditions. The peak maps show
storm 193 with the highest surges and tremendauzdithg occurs in St. Bernard,
Orleans East, West Jefferson on south of Lake Rartt@in, as well as inundation well
inland on the north shore of the lake. One cartlse@mpacts of a degraded coast where

peak surges could range from a 1 to over 3 fedtenithan existing conditions.

Table 9 Storm peaks for 2007 and 2050 conditions
Storm peaks for 2007 conditions and 2050 conditions for stb@hshrough 195 for New Orleans
and vicinity

Storm Number Peak 2007 (ft) ealkP2050 (ft)

191 27.00 ~29.70
192 27.53 ~30.40
193 34.00 ~35.67
194 29.72 ~29.84
195 24.63 ~26.31
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The U. S. Army Corps of Engineers (USACE) publisH€D year level of

protection levee height$tfp://mvn.usace.army.mibre show in Figure 25. The Corps

will establish levees, floodwalls, and all pertihstructures to meet the 100 year level of
protection by the 2011. An ADCIRC grid (2011 _10@yd) was configured with levee
heights matching this level of protection. Additadly, the proposed Inner Harbor
Navigation Canal (IHNC) Closure Structure was pdaaato the model but was
overtopped by many of the high intensity stormsisTclosure is still under design and
the emphasis of this work is primarily to analyzemll climate and storm affects rather
than specific future local results. For this reasbe Mississippi River Gulf Outlent
(MRGO) was left in place and not closed as it Isesitiled to be closed by 2011. Katrina
was simulated using this grid and the maximum peater surface elevations are shown

in Figure 26.
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Figure 25 USACE 100 year level of protection levee height
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Figure 6 Maximum Katrina Storm Surge Peaks (Feet) with 201USACE 100 year levee
heights
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Katrina simulations for 2050 conditions result ionmsewhat higher surges;
however there is essentially no overtopping of WlEBACE 100 year level of protection.
Some overtopping occurred in the New Orleans East due to a low levee height set in
the mesh near the 1-10 and levee junction. Theheight was derived from levee height
data that did not include the in-place structurgliteof 19 feet. This structure height

would prevent overtopping in this location.

The storm simulations for 2050 conditions show gnificant increase in surge
heights for extremely intense storms. Howeverseh&torms represent the most intense
events under the existing climate conditions ofatod The following chapters will
analyze potential intense storms under influenceinoyeased warming from abrupt

climate change.
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Chapter 5 Abrupt Climate Change on Simulated Surges

5.1 Introduction

Maximum potential intensity refers to an upper-timtensity that a tropical
cyclone can attain for a given set of thermodynatoieditions (sea-surface temperature
(SST), large-scale atmospheric temperature, andture) and does not consider effects
of dynamical (e.g., related to motion or wind) ughces such as wind shear on the
intensity (Shepheret al, 2007). Emanuel (1987) initially employed a simpledel of a
tropical cyclone as a Carnot engine. Figure 2i&titates the Carnot cycle. Heat input is
in the form of the latent heat of vaporization.ait outside radiusg,rsurface air begins to
flow inward within a relatively small (1 to 2 kmjidtional boundary layer. As the air
moves inward at nearly a constant temperaturesqtiiees water vapor from the ocean
which supplies the latent heat of vaporization. Tdte of heat acquisition is a function of
the near surface wind speeds. Heat is also addeitheaair moves inward due to
isothermal expansion. Frictional dissipation isajest during this inward motion. At a
small radius the air abruptly turns upward and rdsehe clouds that form the eye-wall.
During ascent, total heat is approximately constrwath little frictional loss of energy.
The air eventually flows outward at the top of #term and loses heat to long wave
radiation to space. This simple model was later ifiemmtlEmanuel (1988) to form exact

equations governing pressure fall in steady trdmgelones.
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Figure 27 Carnot Engine Model for Tropical Cyclones

Carnot Engine Model for Tropical Cyclones from (Emdn@87). Air movement begins inward
at radius ¢ and M, represents absolute angular momentum per unit ras$s moist entropy at

radius r, & is temperature of inward airflow and within a thin bdary layer, M is angular

momentum§p* . is moist entropy, and,f; is mean outflow temperature.

Emanuel's was the first work which proposed a Ilmdtween greenhouse gas

induced warming to a possible future increase temtal tropical cyclone intensities.

Taking a different approach, Holland (1997) creadeshodel that calculates the
potential minimum central pressure of the stormetdasn the degree of warming in the
atmospheric column above the storm center. Thigladive to the local conditions in the
tropical cyclone environment. Warming is achievadotgh latent heat release in the
eyewall and subsidence in the eye. The degreeterftldeat release in the eyewall is
determined by a feedback process. This processfised by falling surface pressures
which cause an increase in the surface equivaletanpal temperature, which in turn
enhance the atmospheric warming (Tonkin et al.020dolland’s theory also predicted

increasing potential intensities in warming clingate
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Maximum potential intensity is very different frothe realized actual intensity
observed in historic hurricanes. Actual intensgyreduced due to negative feedbacks
such as wind shear and landfall. Emanuel (2000¢ladas from a statistical analysis that
once a storm reaches minimal hurricane intenditi\as approximately a fifty percent
chance of eventually achieving any intensity inrdiege between minimum and its upper
maximum potential intensity. There are dynamicatdes that have negative affects on
storm intensity, wind shear, as one of the prim@agtors. Goldenberg et al. (2001)
demonstrated a strong statistical relation betwaeajor hurricane counts in the Atlantic
basin and a vertical wind shear index in the tralpidtlantic “Main Development
Region” for tropical cyclones. Other factors affegtthe potential intensity are the large
scale ambient sea surface temperatures (SST) andbthl sea surface temperatures
under the eye which are reduced due to the sur@uds of the storm. Schade (2000)
created a theory for the maximum possible reduaticihe SST directly under the eye of
a tropical cyclone. This theory was tested agammstlel data. The results imply a much
higher sensitivity of tropical cyclone intensityttee SST under the eye of the storm than
to the large-scale SST field. Thus, it underlinggeater importance of the SST feedback
effect on the intensity of tropical cyclones. ®tigts are still debating the relative
importance of thermodynamic factors versus dynanfécdors influence on the potential
storm intensities. The location of the loop curremtthe Gulf of Mexico seems to
modulate the strength of Gulf hurricanes as eviddnay the changes in storms such as

Lilli and Gustav.
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5.2 Analyses

Emanuel's (1987) theory predicts roughly a 5 percecrease in potential
intensity per degree Celsius SST warming (e.g., ie@b2005a). His conclusions were
later supported by a similar potential intensitedty proposed by Holland (1997) as
applied to several climate models of greenhousenmgy scenarios (Tonkin et al. 1997).
Holland (1997) concluded a rapid increase in MPBOfhPa per degree Celsius SST
warming up to 30 °C. For SST > 30 °C, a slowee odtincrease in MPI occurs which
may suggest a physical limit. Global average teatpee increase projected by the IPCC
TAR ranged from 1.4 to 5.8 °C for the period frdme present to 2100. This increase is
projected to occur over the 100 years but nevertiseSST's could increase by 5 to 6 °C.
IPCC AR4 now has even broadened the range of tatyerincreases for the next 100
years. The AR4 range starts at 1.4 °C for the $bwmissions scenario to an even higher
6.8 °C for the highest emissions scenario. Emai®&8) created the theoretical basis for
the maximum intensity of hurricanes and demonglratiee existence of critical
conditions for which no solution for the minimumnteal pressure exists and defined
storms within this supercritical regime as “hyperest. Emanuel (1988) showed these
hypercanes would extend high into the stratospaedeeither have very large outer radii
or very small eyes. These hypercanes require higgersurface temperatures and other
environmental conditions. It is possible that @brlimate change may bring about some
of these conditions, specifically higher SSTs. Enai(1988) calculated several possible
minimum central pressures, radius to max winds,raad wind speeds as shown in Table

9. These values are computed and shown in Taleng aith radius to maximum winds
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(rm) and forward velocity (Vm). Results are for twdfelient sea surface temperatures

and for g = 1013 mb, relative humidity of 80%, and outfloemtperature = -73 °C.

Table 10 - MPI for theoretical hypercanes from Emanuel 1988)

Ts °C ra(km) pc(mb)  pm(mb) Vpy(ms-1) rm(km)
30 700 894 917 80 26
35 700 762 788 96 2
35 1500 762 788 96 64

Given the IPCC projections and considerable evideoic past abrupt climate
changes, this work constructs potential hurricaloeseach degree of global warming
increase up to 6 °C. This complements the workyafals, 2008 which identified large
scale impacts of climate change for each degregobfl warming. Starting with an MPI
of 880 mb for today’s climate and SST’s, one cdulkate approximate MPI values for
each degree of global warming. These values grajnately a 3% change in MPI per
degree of warming. Historic observations to dateelshown that MPI values are usually
not reached by a storm. However, one may condidat climate change factors
including increase in CAPE (Knutson and Tuleya,£0€ould lend more possibility to
closer realization of storm MPI values. With tlmsmind, 11 storms were designed
assuming that under abrupt climate change conditistorms could realize at least 80%
of these MPI values. Three radiuses to max windeswvere combined with these MPI
values and are as shown in Table 10. Note thatiaddli radius to maximum wind values
were used for the 900mb MPI storms which were satedl for the USACE LACPR
study. Storm numbers 27 and 193 were defined enQbrps of Engineers Louisiana
Coastal Protection and Restoration (LACPR) stu8yorms designed for abrupt climate
change simulations were assigned a number reléwahe MPI and radius to maximum

winds. Storm 800 represents a storm with an MRBGffmb and a radius to maximum
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winds of 25.8 nautical miles (nm). Storms 830, ,8&td 870 also follow this convention
with MPI values of 830, 850, and 870 respectivalywith a radius to maximum winds
of 25.8 nm. Storms 871, 851, 831, and 881 havéMBh value of 1 less than their
respective storm number. Thus Storm 871 has and¥iBYO mb, storm 851 an MPI of

850 mb, etc. Storms 871, 851, 831 and 881 haves&n maximum winds of 6.0 nm.

Table 11 Abrupt Climate Change Storms

Maximum MPI Used In

StormNumb  Average Potential ACC Radius to
er SST Intensity 80% MPI Simulations Max Winds

900 (21.8,14.9,
(27) 30.00 880.00 907 6.0)

880 (45.6,35.6,
(193,881) 31.00 856.00 888 25.8, 6.0)
(870,871) 32.00 832.00 869 870 (25.8, 6.0)
(850,851) 33.00 808.00 849 850 (25.8, 6.0)
(830,831) 34.00 784.00 830 830 (25.8, 6.0)
(800) 35.00 760.00 811 800 (25.8)

One can ask are these MPI values realistic? Fig8rshows the results of MPI
observed and theoretical values computed from Toekial, 2000. Shown are two
pertinent Gulf of Mexico station MPI estimates cddted from Emanuel (1986) (E1),

and Holland (1997) (H1) along with maximum obseri@dnsities for each month.
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Figure 28 MPI theoretical estimates
MPI theoretical estimates calculated from E1 and H1lcordgarenaximum observations for each
month. (From Tonkin et al., 2000)

Using the results which are the stations most agieto the Gulf of Mexico, one
can compute the average MPI attained based on thaohetical model, H1 and EL1.
Table 11 shows these results.

Table 12 MPI percentages Attained from theoretical compted values

Miami MPI % H1 MPI % E1 MPI

El 930 111.11%
H1 892 78.13%

OBS 920

Apalachicola MPI % H1 MPI % E1 MPI

El 935 138.82%
H1 890 90.77%

OBS 902

Emanuel (1988) (E1) values underestimated obsevaédes for both stations,
however generally agreed with observations at ostations. Holland (1997) (H1)
results were more intense than observed valueshwirs the case for other stations as
concluded by Tonkin et al., 2000. The averagegeage MPI attained by the H1 model
for these two stations is 84.5%. Thus, a valugppiroximately 80% theoretical MPI was

used for the design of the storms.
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5.3 Results

Considering the analyses above, these storms vesigreéed with MPI values and
a radius to maximum winds as shown in Table 12orr8¢ were simulated along one
track to reduce the total number of variations andble effective comparisons between
storm results. An ADCIRC grid of the Louisiana doas2050 with the USACE 100 year
levee design elevations in place. Figure 29 sho@@ yiear level of protection levee

heights as set in the ADCIRC mesh.
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Figure 29 USACE 100 year levee heights as ADCIRC mesh bowntes
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Table 13 Storm Design Values and Resulting Maximum Wind&eds

Storm MPI Rmax 30 Min 30 Min 1 Min
Number (mb) (nm) Avg Avg Avg Category
Ws (m/s) Ws(mph) Ws(mph)
27 900 21.8
193 880 25.8
870 870 25.8 62 139 172 5
850 850 25.8 65 144 179 5
830 830 25.8 67 150 186 5
800 800 25.8 70 157 194 5
881 880 35.6 59 133 164 5
871 870 6 61 137 170 5
851 850 6 64 143 177 5
882 880 45.6 58 130 161 5

All storms resulted in maximum wind speeds thdtifathe Saffir-Simpson scale
of Category 5 storms. The wind model used is aemecent version of what is called the
TC-96 Planetary Boundary Layer (PBL) wind model @¢imipson and Cardone, 1996)
developed by the Corps of Engineers. This model walated and enhanced by Ocean
Weather Inc. (OWI) for modeling hurricanes and proetl wind speed, wind direction,
and atmospheric pressures to drive ocean respordelsn Winds produced by this PBL
model are what are called 30-minute average wimgdp at the 10 meter level. These
need to be converted to 1-minute average wind sp@edorder to be categorized
according to the Saffir-Simpson scale. A valud.@4 was used as the conversion factor
which is the approximate value most accepted iotjwe (Westerink, J., 2007, personnel
communication). Additionally, a value of 1.09 wesed to convert the PBL model winds
to 10-minute average wind speeds required by ADCIR®rm 800 with an MPI of
800mb and a radius to max winds of 25.8 nautic#smproduced the most extreme wind

speed of 194 miles per hour. This is the mosteextr ‘hypercane’ postulated to form
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influenced by sea level temperature as high asC3@&Rich is one degree higher than
shown in Table 5.2. Peak surge plots from thesenstare shown below in Figures 30 to
37. These storms all follow Track 3 (T3 of Figurg) 1o enable direct comparison of
surge results to storms simulated given the predenate. The storms shown in Table
10 and 13 and the peak surges produced by thosmsstare shown in Figures 30
through 37 and were simulated given abrupt clincdtenge and increased sea surface

temperatures.

MPI 800mb Rmax 25.8
Storm 800
Max. Water Level (Ft)
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Figure 30 Storm 800 Peak Surges
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Figure 31 Storm 830 Peak Surges
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Figure 32 Storm 850 peak surges
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Figure 33 Storm 851 peak surges
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Figure 34 Storm 870 peak surges
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Figure 35 Storm 871 peak surges
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Figure 36 Storm 881peak surges
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Figure 37 Storm 882 peak surges
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One can progressively increasing storm surge heigigrresponding with

decreasing central pressures or increasing stotengities.

Table 14 provides a

summary of maximum peak surges for the New Orleanes for selected modeled

storms.

Table 14 Peak Storm Surge Results

Storm Number

27
193
870
850
830
800

MPI (mb)

900
880
870
850
830
800

Rmax (nm)

21.8
25.8
25.8
25.8
25.8
25.8

1 Min Avg

Ws(mph)

172
179
186
194

Peak

Surge (Ft)
26.80
34.67
34.45
38.65
41.14
48.19

Note that the surge values shown in Table 13 ar¢éhtoentire storm simulation and are

not located in the exact same location.

To quantify the increase in surge influenced by @?GST warming, Storm 027

peak surges were subtracted from Storm 193 peajeswand the results are shown in

Figure 38. These surge differences show the ises2fom a very intense storm (027)

reasonably possible given today’s climate from sangroduced by a storm influenced by

1°C of SST warming (Storm 193). A mean differené€.d feet was obtained for the

study area.
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Figure 38 Increase in surges from 1°C increase in SST cpmted by subtracting Storm 27
peak surges from Storm 193 peak surges (feet)

To obtain the increase in surges produced fromr&dnfluenced by 2°C SST
increase, peak surges from Storm 027 are subtrdobed Storm 870 and shown in

Figure 39. A mean of 2.0 feet was obtained forstioely area.
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Lake Pontchartrain
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Figure 39 Increase in surges from 2°C increase in SST cpoted by sutracting Storm 27
peak surges from Storm 870 (feet)

To obtain the increase in surges produced fromr&dnfluenced by 3°C SST
increase, peak surges from Storm 027 are subtrdobed Storm 850 and shown in

Figure 40. A mean of 3.2 feet was obtained forstioely area.
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Figure 40 Increase in surges from 3°C increase in SST cpmted by subtracting Storm 27
peak surges from Storm 850 peak surges (feet)

To obtain the increase in surges produced fromr&dnfluenced by 4°C SST
increase, peak surges from Storm 027 are subtrdobed Storm 830 and shown in

Figure 41. A mean of 4.2 feet was obtained forstioely area.
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Figure 41 Increase in surges from 4°C increase in SST cpmted by subtracting Storm 27
peak surges from Storm 830 peak surges (feet)

To obtain the increase in surges produced frormstanfluenced by 5 to 6°C SST
increase, peak surges from Storm 027 are subtrdobed Storm 800 and shown in

Figure 42. A mean of 6.1 feet was obtained forstioely area.
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Figure 42 Increase in surges from 5 to 6°C increase in S$bmputed y subtracting Storm
27 peak surges from Storm 800 peak surges (feet)

It is evident from the above simulations that thegsgeme storms generate even
more extreme surges. With just a 1°C increaseSin, Peak differences range to 34 feet.
The largest increases are for the 5 to 6°C increa&ST up to 44 feet. However, the
mean values start at 2 feet for the 1°C increasSih up to a maximum mean value of

6.1 feet. Table 14 tabulates percent increaseruges.

Table 15 Percent Storm surge Increase from present dajimate.
Storm 27 is basis of comparison (present) and all stormvgere simulated using 2050
degraded coast.

Storm MPI
Number (mb) Rmax(nm) 1 Min Avg Peak % Surge
Surge
Ws(mph)  (Ft) Increase
27 900 21.8 26.80
193 880 25.8 34.67 23%
870 870 25.8 172 34.45 22%
850 850 25.8 179 38.65 31%
830 830 25.8 186 41.14 35%
800 800 25.8 194 48.19 44%
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Chapter 6 Frequency Analyses

6.1 Introduction

Hurricane frequency is now one of the most high§ible and debatable aspects
of climate change. The issue of frequency is camged by the fact that the time series
of reliable tropical cyclone databases are simply short for detecting trends in the
frequency of extreme events (Landsea et al.,, 20R6ékearchers have used the best
available data on storm characteristics and obBensmand combined this with other
factors which influence tropical cyclogenesis amokma intensity. Many methods of
statistical analyses and procedures have beenrpedowith the goal of quantifying the
historic storm frequency, searching for trends, #mein projecting future frequency
influenced by global warming. These proceduresyaeayenesis location, storm track,
and especially intensity. Results attempt to qfamiot only the number of storms, but
also wind speeds and the Saffir-Simpson scale categlowever, the emphasis of this
work is not specifically on quantifying hurricaneedquencies, but to examine the
frequency of hurricane storsurges (in terms of return period) produced by hurricanes
under a global warming environment compared to ipusvefforts. Storm surge return
periods were computed along the Louisiana coashgltine late 1970’s and early 1980’s
as part of FEMA’s Flood Insurance Studies to pred&dood Insurance Rate Maps
(FIRMS). Flood Hazard zones were delineated shgwie 100 and 500 year return

period. In 2007, the USACE completed a large effmicompute new storm surge return
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period elevations for FEMA to update their FIRMSResults of this work will be

compared to these 2007 storm surge return periods.

6.2 Review of Existing Work

This section provides a very brief synopsis of mes efforts to quantify
hurricane frequencies, both past and future. atig this synopsis, an overview of two
storm surge frequency methodologies is discusskd.pfevious methodology employed
by FEMA to produce FIRMS will be discussed alongtvihe new methodology created

by the Corps of Engineers along with FEMA and otmgncies.

Frequency of extreme hurricanes has become so tamtorot only because of the
significant amount of potential damages and losdifef but also because we are
compelled to know if increases in intensities andfiequencies are the result of
anthropogenic forcing, natural variability, or botlrielke et al. (2005) state that most
research suggests future changes in hurricanedneguill be regionally dependent and
there is no consistency among these studies ontéeesign of the change in the total
global number of storms (Henderson-Sellers et @81 Royer et al. 1998; Sugi et al.
2002). One of the conclusions of the authors is ‘peer-reviewed literature reflects that
a scientific consensus exists that any future cbsung hurricane intensities will likely be
small in the context of observed variability (Herstan-Sellers et al. 1998; Knutson and
Tuleya 2004), while the scientific problem of trcgli cyclogenesis is so far from being

solved that little can be said about possible chang frequency . . .” (Pielke et al. 2005).
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Knutson and Tuleya (2004) (see Chapter 1) perforandge set of simulations
from nine different global climate models and usiogr different versions of the GFDL
hurricane model in an effort to analyze any po#dninks between global warming and
hurricane intensity. The results of their work shitnat an 80-year buildup of atmospheric
carbon dioxide at 1% per year leads to roughly adtegory increase in potential
hurricane intensity on the Saffir-Simpson scal@Fe 43) and about a 20% increase in
precipitation at the hurricane core. Although,steted by the IPCC Special Report on
Emissions Scenarios (Houghton et al. 2001), therecansiderable uncertainty in

projections of future radiative forcing of the Hestclimate.
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Figure 43 Number Of Hurricanes Present & Future ClimateConditions
Comparison of simulated hurricanes for present (thin liae)l future (thick line) climate
conditions from Knutson and Tuleya, 2004.
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Emanuel (2005a) (See Chapter 1) astounded the wattidhis computations of
tropical cyclone Power Dissipation Index (PDI) whidoubled since about 1950 and
correlated extremely well observed increases insS®/#r the past 30 years. Pielke
(2005) criticized Emanuel’s conclusions based ustatistics of hurricane damages. He
contended that if hurricanes were becoming moré&rulgtsre over the years then these
trends would also be evident in damage statistit@wever, he could find no such trends
and postulated that Emanuel’'s PDI although reajistias perhaps a weak indicator of
hurricane destructiveness. But Emanuel (2005mdsby his conclusions and stated that
the trends were large and in all ocean basins,itgesgasurement techniques, and well
correlated with SST which was a reliable well-olbedr data set. Emanuel accepted
Landsea’s (2005) corrections (see Chapter 1) tbiasremoval scheme for a portion of
the historic Atlantic wind observations, but hdl mphasized caution due to the high
correlation of hurricane activity and SSTs, esgbcg&ance the SST record is long enough
to capture the influence of global warming. Eman@&05b) concluded that even with
the arguments of Landsea and Pielke, the curramlsleof tropical storminess are
unprecedented in the historical record and thdblagfwarming signal is now emerging
in records of hurricane activity. Emanuel (20058p anoted that his rate of increase of
hurricane intensities (per degree Celsius of SSimivey) is much greater than results

from simulation projections by Knutson and Tule28(4).

Webster et al. (2005) published results from anoshedy analyzing the changes

in tropical cyclone number, duration, and intensitigich caused more intense debate

among scientists. The authors first completedaaissital assessment of tropical ocean
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SST demonstrating SSTs have increased by about @&Bveen 1970 and 2004. An

increase in SST should correspond to an increateimtensity (wind speed is used as
the metric of intensity in this analysis) of trogictorms. Webster et al. (2005) concluded
that the total global number of hurricanes has mneesathe same but the number of
category 4 and 5 hurricanes has almost doublechlijobver the past 30 years (Figure

44). The authors show this is about an 80% iner@ashese intense storms due to the
warming environment. In critique of this work, magientists question the degree of
data reliability and consistency across world oceasins. Webster et al. (2005) do not
mention nor attempt to quantify the uncertaintytheir results and leading researchers
point to the different wind observation methodoé&syand techniques that have evolved

over the last 30 years.
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Figure 44 Number of Hurricanes / Category from Webster etal. 2005

Intensity of hurricanes according to the Saffir-Simpsoale. (A) The total number of category 1
storm (blue), sum of category 2 and 3 (green), and theo§eategories 4 and 5 (red) in five year
periods. Bold curve is max wind speed observed globally (ntAgyizontal dashed line shows
1970-2004 average numbers in each category. (B) Same,aex¢&pt the percentage of the total
number of hurricanes in each category class. Dabhes show average from Webster et al.
2005.
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There are still many other efforts and approacbessessing hurricane frequency
and projection of future storm characteristics. Seheange from a combination of a
statistical-deterministic approach (Emanuel e80D6; Vickery and Twisdale, 1995) to
the entire field of paleotempestology. Proxy resofrom coastal lake and marsh
sediments from four sites in Louisiana, Mississiplabama, and Florida suggest that
intense hurricane activity along the Gulf Coastiesrsignificantly at the millennial

timescale (Liu, 2004).

In light of the preceding discussion on increasestjdency of intense storms,
focus turns to past efforts to capture the frequdirt terms of return period) of storm
surges produced by these intense hurricanes. d\grshbove, increases in more intense
storms were not realized until most recently, espgowith the impacts of Katrina and
the 2005 Atlantic hurricane storm season. Durhmglate 1950’s and mid 1960’s, there
was an increase in the number of category 4 andlgntc storms and for the Gulf of
Mexico these included the powerful hurricanes AydiE957), and Carla (1961). The
“National Flood Insurance Act of 1968” establishdue National Flood Insurance
program for insuring home owners and businessessigibod hazards including coastal
flood hazards caused by hurricanes. The 1968 Aettdd other agencies to cooperate
with the Flood Insurance Agency (FIA), which latercame FEMA, of the Department
of Housing and Urban Development (HUD). In Mayl®75, NOAA completed and
published a report, NOAA Technical Report NWS 1% (&t al. 1975), which detailed
frequency and return periods for several climaticlligcharacteristics of hurricanes along

the Gulf and East coasts of the U.S. A smootheduency of tropical storms and
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hurricanes entering and exiting the coast and pgsgithin a band of 150 nautical miles
during the period of 1871-1973 was used. Charistits of minimum central pressure,
radius to maximum winds, forward speed, and lahdfakction were analyzed. The
probability distribution of each factor was ploti@od analyzed for each 50 nautical miles
of the coast. The authors did perform some limieftbrts to investigate joint
probabilities and interrelations amongst the patamse but ultimately concluded that a
much larger data set was required for any meaningfteliable result. But the results of
this report and additional efforts were used inuiieg storm surge return periods for the
FIA and then FEMA. These early efforts primarilyedsthe Joint Probability Method
(JPM) in which probabilities of certain parametare obtained before hand and then
conditional probabilities are derived to ultimatelympute final surge probabilities. The
JPM was developed in the 1970’s (Myers, 1975; HbMayers, 1975) and subsequently
extended by a number of investigators (Schwetddl., 1979; Hoet al., 1987) in an
attempt to overcome problems related to limitedonisal records. In this approach,
information characterizing a small set of stormgpaeters was analyzed from a relatively
broad geographic area such as the study mentidoeek dor the Gulf and entire East
U.S. coast. In applications of this method in tB&d's and 1980’s, the JPM assumed that
storm characteristics were constant along theesséiction of coast from which the storm
data were obtained. Recent analyses suggest thatssumption is inconsistent with the
actual distribution of hurricanes along the eastst@nd within the Gulf of Mexico. The
JPM used a set of parameters, including 1) ceptesisure, 2) radius of maximum wind
speed, 3) storm forward speed, 4) storm landfathtion, and 5) the angle of the storm

track relative to the coast, to generate parametinc fields. Initial applications of the
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JPM assumed that the values of these five parasneteied only slowly in storms
approaching the coast and thus, the values of fhersaneters at landfall could be used to
estimate the surge at the coast. Recent data dmawthis is not a good assumption
(Figure 45) due to the decay of intensity as tbenstencounters the coastal area. Kimball
(2006) has shown that such decay is consistent thighintrusion of dry air into a
hurricane during its approach to land. Other meisias for decay might include lack of
energy production from parts of the hurricane alyeaver land and increased drag in
these areas. In any event, the evidence appe&es @nvincing that major hurricanes

begin to decay before they make landfall, rathantbnly after landfall as previously

assumed.
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Figure 45 Storm decay approaching landfall from Resio etl. 2007

The conventional JPM used computer simulations tiight-line tracks with
constant parametric wind fields to define the maxmsurge value for selected
combinations of the basic five storm parameterchEaf these maximum values was

associated with a probability,
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P(Cys R Vi 6] %)

where

c, is the central pressure,

R, IS the radius of maximum wind speed (6.1)
v; is the forward velocity of the storm

6 is the angle of the track relative to the coasaradfall
x is thedistance between the point of interasd &he landfall locatior

These probabilities were treated as discrete inenésrand the CDF was defined as
F() =2 Pim | Xjom < X (6.2)

where the subscripts denote the indices of ther&npeters from Equation 6.1 used to
characterize the hurricanes. The conventional JR&luded a range of parameter
combinations that typically made extrapolation b®lothe range of simulations

unnecessary. A great advantage of the JPM ovetirexisiethods that depended heavily
on historical storms was that the JPM considereds that might happen and not just
past events. Of course, the greater the numbeossilple combinations being considered
increased the number of actual computations andlatians required. This became a
very labor intensive effort when models such as AFHl required both manual and

computer assisted efforts. With the developmenthef SLOSH model and increased
computer speed and power, the number of simulatieausired had less of an impact but

was still an intensive effort.

One of the major issues associated with JPM methedd in the 70’s and 80’s
was the exact definition and implementation of helimensional storm parameters
within the joint-probability function (Resio et a2007). During this time and still

relevant today, was the lack of reliable measutedrsdata especially for storms prior to
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1950. This included minimum central pressure aothssize. Radius to the maximum

wind was unavailable for most of these historidalr®s and a statistical estimate of
Rmax as a function of latitude and central pressiag frequently used instead of actual
values in the probability distribution. Anotherakmess was the inability to fully capture

the important time varying properties of tropicedrsns. Surges derived from previous
JPM applications were based on storm characterisgar the coast that were constant.
Thus, these results may have been biased low stocms are now observed to be more

intense offshore than near shore.

Following the devastating impacts of Katrina and #9005 hurricane season, a
team consisting of members of the Corps of Engg)deEMA, NOAA, as well as private
and academic researchers developed a new methgdddwgestimating hurricane
inundation probabilities. This methodology is adification of the JPM method with the
goal of providing well defined estimates of surgesg as small a number of dimensions
as possible, while retaining the effects of addaiodimensions by including anterm
within the CDF for surges (Resio et al. 2007). Thethod is now called the Joint
Probability Method with Optimal Sampling (JPM-OS)The JPM-OS has several
advantages over the previous JPM which includenstearying characteristics over
spatial regions, winds are derived from a dynamltysics-based, planetary boundary
layer (PBL) wind model, pre and post landfall vioas of central pressure, radius to
maximum winds, and a wind ‘peakedness’ parameteildhid B). Additionally, longer
storm tracks are defined and derived from histbticacks, and the interdependencies

between central pressure and radius to maximumsaangl captured.
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The numerical integration in the original JPM ussfat is equivalent to a
“rectangular” or trapezoidal integration method véhe
F(S) = ZZZK:ZZAPUW for all S,y > S (6.3)
n m joi
Where APjjim are the individuajtl probabilities for each of thepBmary parameters
(direction, radius to maximum wind, minimum centmakssure, forward speed, and
distance from point of intel’eStSijkm are the respective surges produced given those
specific parameter definitions, and F(S), the cuativg probability distribution.

In this method discrete increments of probability assigned to the value of the
simulated surge. Recently with the developmentskf based applications, the concept
of a “response surface” has been developed. B approach and development of a
response surface, it is assumed that responseastauous function of the parameters
used to discretize the probabilities. Thus, fas #pplication, surge is assumed to be a
continuous function of central pressure, radiusmaximum wind (Rmax), angle of
approach, forward storm velocity, and distance flooation of maximum surge for a
specific combination of the other parameters. ifbegration is now more aligned with a
Gauss Quadrature integration method. Essentiadlgtaf functional relations between
surge and each of the 5 primary probability paransets defined. Once defined, an
interpolation can be performed without the neegpediorm additional simulations. Its
accuracy is predicated on the ability to fit thep@nse surface with an accurate set of
functional relationships from the actual sampleatres. These functional relationships
and their development are detailed by Resio e(2@07). Additionally, the estimation of

the surge cumulative distribution function include&andom” €) deviation term added
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to the modeled values. This term includes theatians to all the neglected parameters
which ultimately affect surge heights and includ¢hbsurge-independent terms (tide and

model error) and surge-dependent terms (Hollandr&rpeter), etc.

All surge computations for this work were computesing a subset of the JPM-
OS Louisiana synthetic storms and the physics-baseterical models used in the Joint

FEMA and Corps of Engineers Coastal Storm Surgdyst

In view of the above, it is worth mentioning anatimeethodology for modeling
hurricane surge risk which uses the “Empirical kKr&dodel’. Vickery et al. (2000)
presents this method which has been adopted fodefielopment of wind speed maps
within the U.S. ((American National Standards lngé (ANSI), ASCE 1990, 1996). This
method uses a Monte Carlo approach to sample fropireeally derived probability and
joint probability distributions. The central pressuis modeled stochastically as a function
of sea surface temperature along with storm headitggm size, storm speed, and the
Holland B parameter. This method has been valil&te several regions along U.S.
coastlines and provides a rational means for exagihurricane risks associated with
geographically distributed systems such as trarsomslines and insurance portfolios
(Resio et. al., 2007). However, the Empirical kr&dodel is applied within a Monte
Carlo framework and has the ability to efficientiyecute storms over many, many years
(20,000 years in the Vickent al. (2000) application). This number of simulatio@sc
be readily performed using this PBL wind model. wdwer, there is simply not enough

time and power even using supercomputers todayralis many storms using large,
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high-resolution ocean and coastal response modalge(models and surge models). For
this reason, the Empirical Track Model was not aered for application to coastal

storm surge probability computations. But this roetldoes provide an excellent source
for validating the statistical characteristics bé twinds used for inundation modeling

(Resio et al. 2007).

6.3 Surge Frequency Analyses

Most frequency analysis methods require a larga dat and normally to obtain
results for storm surge probabilities, a significanmber of simulations are required.
The emphasis of this work was not to specificallympute future storm surge
probabilities but to determine the impacts of faetstorms. Only a small selection of
storms were simulated which limits computationstwirm surge probabilities from this
data set alone. However, these results can be ar@chfio existing storm surge return
periods, specifically those computed using the JPMmethodology for the Joint FEMA
and Corps of Engineers Coastal Storm Surge Studyh&® State of Louisiana and the
Corps of Engineers Louisiana Coastal Protection Redtoration (LACPR) project.
These projects produced a set of five levels ainstsurge elevations which include the
50, 100, 500, 1000, and 2000 year return periodmgaring future storm peak surges to
these elevations quantifies where these resultorfib existing surge probabilities.
Figure 46 shows Storm 870 peak surges minus th@ $6@r storm surge elevations
produced from the FEMA and LACPR projects. Stornf) 8&/as modeled to have a

minimum central pressure of 870 mb and radius taimam winds of 25.8 nautical
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miles. These values were attained approximatelynd@s off the coast and then as the
storm moved closer to the coast and inland, deateg were applied according to (Resio

et al. 2007). Storm 870 produced a maximum wingedpof 172 miles per hour (1

minute average at the 10 meter level).

Storm 870 Surge Peaks Minus 1000 yr Surges
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Figure 46 Surge differences between Storm 870 and 1000 yeatura levels (feet)

Storm 870 represents a potential storm influenge@9 increase in SST. The
surges from Storm 870 are both higher than toda@80 year levels and in some
locations lower. The highest surge is 18 feet alibeel000 year level. This is due to a
small protected area located on the north shotekd Pontchartrain which had very low

return elevations and there was significant inuiogiain this area by Storm 870. The
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lowest values of around -20 feet because Storm@@Auced either little or no surge
response, or drawdown occurred. Drawdown, or loweof the water surface occurred
primarily on the western side of the storm tracH #tus was evident on the west bank of
the Mississippi River. The counterclockwise ratatof the winds resulted in winds from
a northern direction driving inland water outwanavards the coast. These locations were
subsequently much lower than the 1000 year retueld. The mean difference between
Storm 870 surges and the 1000 year return levelk.1§ feet and thus below the 1000
year return period surge levels. However, as caselea in Figure 43, Storm 870 surge
levels are generally 1 to 3 feet higher than 1066 yevels at mid lake and then along the
south shore of Lake Pontchartrain. These graduathease to around 5 feet and higher
near the area where Lake Pontchartrain eventuaiipects to the Gulf of Mexico which
is called Rigolets Pass. Surges were also approeiynéd to 6 feet higher along the
southwestern shore of Lake Pontchartrain near tben& Carré spillway. Surge
differences near the Louisiana and MississippieSbatundary, into the Pearl River Basin,
range from 5 feet up to 9 feet along the Missigsgoast. These are primarily due to the
track of Storm 870 for which the greatest surgesevpeoduced on the eastern side of the
storm. Below New Orleans and on the west bankefMlississippi River, Storm 870
surge levels were lower than the 1000 year levetagpily due to the storm track. The
1000 values were produced using the JPM-OS methb@dhwincorporated surges

produced in this area by a large suite of stormegamany tracks and directions.

Figure 47 shows Storm 850 peak surges minus thé® 3@ar storm surge

elevations produced from the FEMA and LACPR prged@torm 850 represents a
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potential storm influenced by a 3°C increase in SSStorm 850 reached a minimum
central pressure of 850 mb (Table 12) and a ramiumaximum winds equal to Storm
870 of 25.8 nautical miles. The highest surge tkffiee between Storm 850 and the 1000
year surge levels was 24 feet. This compares teédi8for Storm 870. But these values
are in different locations from each storm. Thegést differences from Storm 850 are
within a protected close to the southwestern slodreake Pontchartrain. Surges from
Storm 850 are a couple feet higher than those Boonm 870 near the south shore and
the middle of Lake Pontchartrain. These surgesi@rto 11 feet higher than the 1000
year levels along the north shore of Lake Pontcaiart The surges from Storm 850 are
both higher than today's 1000 year levels and imesdocations lower. The mean
difference is -0.2 feet and the areas lower thanl®00 year levels are again below New

Orleans on the west side of the Mississippi River.
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Storm 850 Peak Surges Minus 1000 yr Surges
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Figure 47 Surge differences between Storm 850 and 1000 yeatura levels (feet)

Generally both storms 870 and 850 produce surgas the current 1000 year
return levels but as can be seen, one specifimgpooduces a wide range of surges, each
with a different return period based on its specification. Note that the 1000 year
levels are chosen for comparison because the FERWA lBACPR projects did not
produce 2000 year return period surge level sustace

Although it is difficult to ascertain surge probliti@s, some estimates can be

performed to compute probabilities of the stormslsing the results of Figure 43
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(Knutson and Tuleya, 2004) a frequency curve waated giving the relative frequency

of exceedence of a severe storm (category 3 oteghess shown in Figure 48.
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Figure 48 Relative frequency of exceedence of sevetersis
This chart shows that the frequency of a centradsuire reduction > 100 is about
10 times higher for the high GQclimate compared to the present-day climate. This
implies that a 1:2000 event could become a 1:2@dte\ heACP for the low frequency
events is about 12 hPa which is about %2 of a Cayeghich agrees with Knutson and
Tuleya (2004). The results from a recent study aaegh specific return levels for
minimum central pressure values within the GulMsxico and are shown in Figure 49

(Levinson 2006).
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o—a MNCDC data, Gumbel/Poisson of hurrcanes < 980mb
o—=e NCDC data, GEVII/Poisson of Hurricanes < 380mb
; o—e OWI data, GumbelPoisson of Hurricanes = 250mb
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NCTH data, Gumbel of Annual Minimum ( 1965-2005)
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Figure 49 Central Pressure Return Values Gulf of MexicgLevinson, 2006)

A comparison of the different return periods of the @&krmined independently in
Zone B along the Central Gulf of Mexico coast. Eacthefcurves shown above
corresponds to the GEV analysis technique applied ancetia pf record of the data.
The grey line denotes the average of the 5 methodenstfbevinson, 2006)

By combining these results, return periods fordteem central pressures created
under abrupt climate change can be estimated.mSt88 achieved a minimum central
pressure of 880 mb and using the average Gumbeéragt Value (GEV) curve from
Figure 49, this is about a 400 year return peri@aked on a 10 times greater frequency
estimated using Figure 48 and derived from Knutsach Tuleya (2004), Storm 193 with
a central pressure of 880 mb, would have a retariog of 40 years in a doubled €O
climate, induced by abrupt climate change. Basedeniral pressure alone, Table 16

shows the shifts in frequency for each storm pdessiba warmer high carbon climate.
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Table 16 Future Storm Central Pressure Returns

Storm Return Period Return Period
Number MPI (Yrs) (Yrs)
Present Future
27 900 120 12
193 880 400 40
870 870 700 70
850 850 1000 100

However, to compute the best probability estimatea cstorm, all storm parameters
should be used and a conditional probability distion. For these future storms the
other primary factor readily available in this sgud the radius to maximum winds.

Thus, a better estimate of the probability of Std88 and the others is given by

P(storm) = P(@) * P(Rm| Qo) (7.1)
where = minimum central pressure andnR: radius to maximum winds. Following

(Resio et al. 2007) a computation of R{RQp) can be represented as

XZ

2

1 _
P(R, lAp)_—a(Ap)JZe

where (7.2,7.3)

- [ R, - F_ip(Ap)j
o(Ap)

In this equation a linear regressiolﬁp(z 14.+ 0.3*(110- Ap ; - with units forR, andl?ep

in nautical miles and units foAp in millibars implied) was used to represent the
conditional mean for storm size and the standardviaien was taken

aso(Ap) =O.44I?€p Ap) (Resio et al.,, 2007). Using this formulation tbe conditional
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probability of a storm based on both its centraspure and it's radius to maximum
winds, Table 17 shows the probabilities computedstorms under present climate and

also for future climate conditions.

Table 17 Future Abrupt Climate Change Storm Return Perias (RP)

Present Future
Prob(Rp |Deltap) Cp(mb) Prob(Cp) Prob(Cp & Rp) RP(yrs) RP(yrs)

0.00761 900 0.01000 0.00008 13135 1313
0.01177 880 0.00250 0.00003 33979 3398
0.01830 870 0.00143 0.00003 38246 3825
0.01658 850 0.00125 0.00002 48254 4825

Considering the conditional probability of both maum central pressure and radius to
maximum wind, the return period of Storm 870 isOB®, years for present day climate
and estimated to be 3,800 years in a future cliwéiere SSTs are 2°C higher than today.
Of course these are only estimates and the toddighility estimate should include other
factors such as storm wind speed, and atmospimliences of vertical wind sheer, and

El Nino events.
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Chapter 7 Discussion

7.1 Effect of Relative Sea Level Rise and Degradation of Coast 8arge Impacts

Results of simulations of high category 5 stormstlmn Louisiana coast for 50
years into the future show increased surge levdlse projected increases are on the
magnitude of 3 to 5 feet and primarily in regiorigpmjected high erosion and/or local
subsidence. Storms were simulated on five diffesgotm tracks and produced very large
surges ranging to 30 feet or more. These storrasacteristics were designed to model
the most intense storm possible under today’s ¢téinand sea surface temperatures.
Surges from these storms overtopped the New Orld®is year level protection.
However, simulations of Katrina on a degraded 54 ygojected coast did NOT overtop
the New Orleans 100 year levee system.

As local subsidence, erosion, and sea level risaeroaver specific regions along
the coast, it is these regions which will feel thest impact and can expect higher future
surges. Projections have been made (Barras €20@4l); however these are based on
historic rates and capture results of recent exdrewents (i.e. Hurricane Andrew) but do
not take into consideration a changing climate g@omorphologoic response to climate
change. Figure 50 shows the 2050 projected colasthwncludes land gain from state
and federal protection and restoration projectand.loss areas are shown in red and

these are the locations which will most likely sagher changes in surge levels.
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Figure 50 Projected 2050 Louisiana Coastal Land Changes fromalras et al. 2004
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These 2050 projections were produced before ttastraphic hurricane season of
2005. As can be seen in Figure 50 barrier islamdsprojected to still exist. However,
Katrina had a severe impact on the Chandeleurdslatong the east coast of Louisiana.
The USGS has been actively surveying the islands3fgears after Katrina and all
surveys indicate a continued rate of erosion. Thandeleur Islands in the Louisiana
portion of the Gulf may erode all together in tlEanfuture (Sallenger, 2008). This has
implications for other Louisiana barrier islandsdate Mississippi River bird’s foot
delta. Extreme events such as Katrina and themstgossible with abrupt climate
change may severely erode Louisiana barrier islandsinitiate their degradation. The
Mississippi delta may also feel the impacts of ¢hetorms but this depends on the
amount of sediment that will be allowed to contirtaeflow into the Gulf. There are
many large scale diversions alternatives curreibéliyng studied to divert this sediment
away from the bird’s foot delta.

AR4 projects global sea level rise as shown irufegl. Twilley and Doyle,
(2007) have incorporated these projections intonases of local relative sea level rise
projections specifically for the Louisiana coasig(ffe 52). These estimates also include
local subsidence and the resultant range is 24 taches (2 to 6 feet) change in Relative
Sea Level Rise by 2100 (Twilley and Doyle, 2007/f critical importance in these
computations and the future is how well the wettaadd marshes can keep pace with the
changes in sea level. There are ongoing studielsirtber investigate these issues.
However, the storms and simulations in this studly ribt account for sea level rise.
Thus, if sea levels do continue to rise, impacté most likely be even higher surges

depending on the amount of relative sea level rise.
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Figure 51 Global Sea Level Rise Projections (IPCC, 2007)
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7.2 Effect of Abrupt Climate Change on Coast and Surge Impacts

Storms designed to represent plausible intensenstdriven by abrupt climate
change were simulated on the projected future hoast These storms produced
significant surges on the order of 30 to 40 feetame locations. When comparing these
surges to existing storm surge frequencies, theltseghdicate return periods ranging
from current day 500 to over 1000 year return level

In light of these results there still could be majuestions and much discussion
on whether these storms and surges are reallygd@ssi he minimum central pressure
and radius to maximum winds were adjusted, but Wwiixfuture climatic affect the wind
field distributions in storms? How will vertical md shear change and reduce formation
of new storms? How will ocean heat content andutation patterns affect storm
intensities?

A tremendous amount of effort has been expended e years to advance
understanding of the Earth’s climate. We now untdexd more fully the physics of
atmospheric and oceanic circulation and also betitelerstand their interactions and
complexities. We know many of the primary and seleoy factors that affect storm
surge and these include storm direction of appro@mfivard speed, minimum central
pressure, distance from the eye-wall, radius toimasn wind, tides, slope of the coast,
etc. However there are still many questions to ansamd issues to address. In regards
specifically to climate change and the influence hamricanes, questions still remain.
Several unresolved questions include quality ahdhiéty of tropical cyclone databases.
Also, the relative importance of thermodynamic esté.g., potential intensity, SST,

atmospheric temperature and moisture, ocean he#ertp etc.) versus the role of
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dynamic factors such as vertical wind shear incaifig frequency and formation of

tropical cyclones.

7.3 Hurricane Frequencies and Surge Impacts in 2050

The results from hurricane frequency analyses atdithe possible increase in
frequency and intensity under a warmer climate \witfher carbon concentrations. The
more extreme storms will produce higher storm ssig@d as shown in Figures 46 and
47. The highest surge increases will be in theoregsusceptible to the most erosion and
relative sea level rise. Along the Louisiana cotdmse are wetland areas but not
necessarily developed urban areas. Damages widase and be dependent on the level
of protection, both manmade (levees) and naturall@nds and barrier islands).

What is the likelihood of an increase or decresse¢he frequency of these
extreme events? Some research indicates veryposslbilities (Knutson and Tulelya,
2004, Webster et al. 2005, Mann and Emanuel, 200&).conclusions of AR4 (IPCC,
2007) answer an emphatic: “Yes, the type, frequemz intensity of extreme events are
expected to change as the Earth’s climate chamgelsthese changes could occur even
with relatively small mean climate changes. Changesome types of extreme events
have already been observed, for example, increashe frequency and intensity of heat
waves and heavy precipitation events.” AR4 idegifesearch efforts of Knutson and
Tuleya, (2004) and others which show evidence tiiagical cyclones can become more
severe with greater wind speeds and more intersapiation. AR4 also specifically
addresses the question of “How likely are MajoAbrupt climate changes such as Loss

of Ice Sheets or Changes in Global Ocean Circul@tiorhe authors state that these
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changes are “not likely to occur in the®dentury” (IPCC, 2007). However, increased
evidence of significant changes in glacier meltmgl sea formation since the publication
of IPCC, 2007 have many scientists debating omeghepossibilities of major changes in
effect today.

To address the likelihood of climate change impamt tropical storms, IPCC,
2007 specifically concludes that “increased tropayalone activity” is “Likely” (IPCC,

2007). This translates into a >66% probabilityoturrence (Table 3).

7.4 Uncertainties

The importance of uncertainty cannot be overstaiedues of data uncertainties
are paramount in regards to the historic hurricagerd and the need to be consistent for
our current and future observations. Climate mo@eé becoming extremely complex
and we are building into these models more of theldmental physics. But there are
uncertainties in many of the parameterizationgpetgic components such as clouds and
water vapor content.

There are uncertainties in the numerical stormesargd wave models, as well as
the PBL wind models. All have to be validated agtaireliable, consistent, and valid
measurements and observations. The ADCIRC storgesmodel has been validated
over the years performing hindcasts of many storn@verall results from Katrina
simulations are on the order of less than 1 foBut can this be improved? And how
much do these results depend upon the wind fieltls®v (un)certain are the “best”
winds? One of the hardest pieces of data to dodlex the wind speeds (averaged for

how many seconds? minutes?) at the level of 10réteing the lifetime an extremely
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intense storm. These data are now mainly collectgidg dropsondes and remote

devices. What are the uncertainties associatédthig equipment?

In order to begin to assess uncertainties one fingstidentify the factors that

contribute to uncertainty in the results. Thege loa

Inputs: solar energy, atmospheric composition -baar water vapor , methane,
clouds, aerosols, etc., ocean - temperatures,itgaletc.; landscape — deserts,
forests, urban areas, etc.; cryosphere — ice sheg#siers, sea ice, snow,
permafrost, etc. There are uncertainties in thesoreanents of each of the inputs
to varying degrees.

Drivers: solar energy, atmospheric circulation t-ggeams, El Nino, La Nina,
etc.; oceanic heat content and circulation pattemmd meridional overturning
current.

Bathymetry, topography, vegetation — these unces are also in the
measurements, data accuracy, and how well therdatasents actual conditions.
Surveys have their inherent uncertainty and thesigchly geomorphology is
constantly changing.

Numerical models — uncertainties range from modehtilation which depends
not only on how well we understand the physics, blgo how well the
mathematical formulation and implementation carresent the physics. Other
factors then include calibration and parametric lementation of some
components, i.e., barotropic assumptions. Additianacertainties arise when
models are coupled together. Factors come into gl as transformation and

re-griding of one model output to another modeuinjprmats as well as time step
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issues such as between a storm surge model ruahiagl sec time step and a
wave model running at a 30 minute time step. Addilly, uncertainty arises in
scenarios where non-hydrostatic conditions afféotv fand surge. ADCIRC
represents ridges, roads, and levees as sub @id features and employs the
standard weir equation to compute flows over thésstures. However,
uncertainty can be reduced by using more accuat®8@ussinesq models that
better capture the physics of the conditions. Boess models are required to
capture local wave setup at critical structures lande reachs. Additionally, the
2D Shallow Water Equations have limitations in ththaey do not allow
bidirectional flow in the vertical and ignore ddgyseffects such as changes in

salinity. These could be important in the nearsland also in the Gulf.

AR4 (IPCC, 2007) defines several classes of unotiga. The two primary types
are “value” and “structural’. Value uncertaintiase associated with incomplete
determination of the values or results when dat inaccurate or do not fully
represent the component of interest. For exampleset are the uncertainties of
measured observations and the quality of histoaialthses. Structural uncertainties
are those associated with the incomplete undernsiguaod the processes that control a
particular value or result, or when the model ukeda particular analysis does not
fully capture the relevant processes or relatiggshiAR4 strives to be particularly
transparent on all uncertainties and separatestanty from likelihood. Definitions
for levels of confidence (uncertainties) are shawable 2 and likelihood levels

(probabilities) are shown in Table 3. These daéins are very helpful to quantify
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issues such as uncertainty in climate models duga@mmeterization of such
components as clouds and water vapor processesepti&k have used the
uncertainties in these parameterizations to forraudaguments which essentially say

one can place no confidence in any of the climaidets results.

The above is merely scratching the surface ofate tincertainties inherent in modeling
our Earth system. But there are ongoing resedfalt®which are beginning to help and
lay the ground work for assessing the total ungggtan modeling complex systems.
These efforts will eventually help us to furtheragtify uncertainty in our systems and

guantify results with standard and accepted levetonfidence.

7.4 Recommendations

Results of this work can be used as a startingtgoirfurther research and study
into hurricanes influenced by warming, potentialugib climate change, and both storm
and overall climate impacts. Work can be extengtedurther design time a suite of
future possible time varying storms modeled to poeda large data set of storms, storm
characteristics, and the resultant surges. Thigbdae can then be used for statistical
analyses such as the JPM-OS. The JPM-OS would toakke modified using climate
model projection results of future storm parametebability distributions. These future
distributions of factors such as minimum centra¢gsure, forward speed, radius to
maximum winds, etc. can then be incorporated irte §PM-OS to the produce
probability distributions of future storm surgebincertainties can then be compiled for

both the storm parameters as well as the reswdtanh surges.
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There are many possible metrics of intensity (maxmpotential intensity,
average intensity, average storm lifetime, maximatorm lifetime, average wind speed,
maximum sustained wind speed, maximum wind gusturaalated cyclone energy,
power dissipation, etc.), and not all of these Hasen closely studied. This has been due
to data limitations and other reasons. Additionaithipst of the debate has tended to focus
on SSTs although other environmental factors shbalctonsidered. For example, the
tropical cyclone heat potential (a measure of eaaic heat content from the sea surface
to the depth of the 26 °C isotherm) may be a batthcator of the potential for hurricane
intensification than SST (Scharroo et al. 2005).

With increasing temperatures and exacerbating taffetcsea level rise, the coast
of Louisiana is more vulnerable than ever to clenahange impacts and especially
extreme storm events. Along with the coastal ztmepeople who populate the southern
coast of Louisiana are also in peril. If storm govand frequency increase, so will
damages and potentially loss of life within the stahzone. These implications are
relevant not only to Louisiana, but to all coasiedas surrounding the U.S. which are

susceptible to the impacts of climate change.
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Figure 53 Global Surface Warming Projections

Solid lines are multi-model global averages of surfacenivey (relative to 1980-1999) for the
scenarios A2, A1B and B1 shown as continuations of the 20tfury simulations. Shading
denotes the +1 standard deviation range of individual moohelzd averages. The orange line is
for the experiment where concentrations were heldteon at year 2000 values. The grey bars at
right indicate the best estimate (solid line withinrebar) and thékely range assessed for the six
SRES marker scenarios. The assessment of the besttesandikely ranges in the grey bars
includes the AOGCMs in the left part of the figure, &#l ws results from a hierarchy of
independent models and observational constraints (IP@Z).20

Long-term studies and re-analysis of atmospherid aceanic data sets will
continue to be needed to address issues climategehand hurricanes. World wide
efforts are ongoing and re-analysis for both histburricanes and for reconstruction of
climate data for ready incorporation into new cliemanodels are being performed.
Additionally, improvements in modeling technologyosild provide new insights and
advancements as well. For example, a model at N&®Adard Space Flight Center
called the Finite Volume General Circulation Mo@®@IGCM) that represents hurricanes
and their behavior at unprecedented spatial rasakifor a GCM (Atlas et al. 2004).
New satellite and enhanced in situ observing cdifiabican provide new observational
capabilities for hurricane internal and externaviemments that will increase our

understanding of past and current events. Thisalgt help in assessing the likelihood of
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future projections. However, it seems for the Atilmand Gulf of Mexico, regardless of
whether the underlying cause of increased hurriGotwity is a natural cycle, or by
anthropogenic forcing, or a combination of the tw@ppears likely that continued high
levels of hurricane activity will continue as loag increased SSTs persist.

More research is needed from observations, theamg, modeling to address

issues of the effect of global warming and abrliptate changes on tropical storms.
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Chapter 8 Summary and Conclusions

This work has provided a background on global dienahange knowledge
developed over the past few decades and the custata of climate models and their
projections of future climate change. Within thentext of global warming, abrupt
climate change was defined and current researahtiigéel that demonstrated abrupt
climate change has happened many times in therpigtour planet, including as recent
as 11,000 years ago. Records of these changesbeaveretrieved using all types of
climate proxies form ice cores and tree rings telespthems. These records hold clues
not only to climate change but some also docuntentfrequency of intense hurricanes
during ancient and historic climates. Previous emdent research searching for trends
in hurricane frequencies, intensities, and genes&ee presented which show that our
databases are still too short and the data itsalf not have enough quality to derive
scientifically provable trends.

The objectives of this research were threefold:@uantify storm surges for the
Louisiana Coast with wetland loss as projectedieyldSGS in the year 2050; (2) Project
the impacts of abrupt climate change through aveafind modeling of storms of
increasing maximum intensities possible under stithnge to estimate future surge
levels; and (3) Estimate frequencies of future raorbased upon minimum central
pressure and radius to maximum wind, and compaigestesults obtained from these
future storms, to published storm surge returnogelevels.

The first objective was met by simulating the mios¢nse storm possible given
today’'s climate using a topography representativéhe landscape 50 years from the

present. The conclusion drawn from this objectsvéhat if the Louisiana coast continues
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to degrade through erosion processes and subsjdimaceesults will be higher surges
which will depend on the storm intensity, directiomnimum central pressure and other
atmospheric parameters as previously discussedge $weights ranged from 1 to 3 feet
higher for the storms simulated and specific futueges will additionally depend on the
degree of local subsidence and relative sea lesel Additionally, the New Orleans 100

year level of protection will protect against a K@—like storm 50 years form now.

However, overtopping will occur for more intensersts that are possible given our
present climate.

To meet the second objective, results form curresearch was used to create
possible storms characteristic of future conditioxfiienced from 1 to 6°C of average
global warming. Storm surges produced by thesenstavere quantified and differences
between surges of these future storms were comparedrges of comparable present
day storms. Surges can be significantly higher glomany areas of the coast. Lake
Pontchartrain surges increases ranged from 2 deevdr 10 feet higher for each degree
increase in SST. IPCC ‘AlF1’ high emission scenasasults in an estimated 2°C
increase in global mean temperature by 2050, a@db4°2100. Realization of these
temperatures will result in 2 feet to 7 feet higlarges depending on storm intensity,
direction, forward speed, and other atmosphericditimms. New Orleans levees will
offer some protection from more intense storms thay potentially form influenced by
global warming and increased sea surface tempesatout overtopping will occur.

The third objective was met by comparing fututerrm surges against storm
surge return levels, specifically for the 1000 yesturn period, produced from current

present coastal storm surge analyses. Additionadifmates of the probabilities of these
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future storms were computed along with shifts ia fiequencies of these events given
abrupt climate change realization. There is no tHau climate is warming and this

warming is having impacts regionally and globally/hether the cause of this warming is
human induced or not is still open for debate. Hmwebased on the results of these
storm simulations, for each 1°C rise in averagesSSiirges from extreme storms will

increase on the order of at least 1 to 3 feet aendepending on other atmospheric and
oceanic conditions. Table 16 summarizes probadslitf future extreme events and the
potential shifts in frequencies from present clienebnditions. A storm with a probability

of 1:10000 years may become a storm of 1:1000 yedwsn period. Figure 53 shows

IPCC projections for global average temperaturesfoSRES scenarios with the highest
estimate of 4°C with the likely range of up to 6I2100. If temperatures reach these
limits, future storms may potentially be very sianito the storms designed in this study
along with the high surges produced by these pavexents. These are extreme storms
and from basis statistical reasoning, a small shithe mean of a primary variable (i.e.

average temperature) can result in substantialggsgam the frequency of the extremes.
Extremes are the infrequent events at the higHamend of the range of possible values
for a particular variable. An increase in the freaey of one extreme (e.g. the number of
hot days) can be accompanied by a decline in tlpgie extreme (in this case the
number of cold days). Ultimately, the result isiacrease in the number of extremes (hot
days or severe storms). Within the next 50 yaaesamount of increased warming will

determine the realization of the exact number e$¢hextreme events.
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