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METHODOLOGY FOR PREDICTING LOCAL IMPACTSOF SEA LEVEL RISE

ABSTRACT

In the future, south Florida will be flush with veatdue to sea level rise and increased
storm intensity, meaning there are three optiondeal with this problem — retreat, offshore
discharges or finding a use for the water. Thstfis not an option so the others must be
evaluated. To do so, the first task needed totiijesolutions to this problem is to define the
severity of the problem through a vulnerability s so the appropriate decisions can be
made. The objectives of this research were toldpvan accurate methodology for predicting
impacts of sea level rise and rainfall patternghat local level by identifying how existing
topographic, groundwater and tidal data sources lwanutilized to identify infrastructure
vulnerable to sea level rise and flooding. Based study of monitoring well water levels on
Miami Beach, it was noted that during the yearugadwater levels fluctuate due to tidal levels
and rainfall, with the Fall king tides creating théeghest vulnerability to infrastructure and
property. Once vulnerability is defined a toolbafxoptions can be developed to deal with local
issues. The research found that the tides creagch larger vulnerability than current sea level
rise analyses suggest and that the king tides dhiwdevel of service for the community, while
altering the dynamics of future stormwater planrefigrts. To mitigate the impacts of flooding
will require new ideas for dealing with excess w&teA toolbox of options was developed. One
item that arose was that there is potential tostisenwater adaptation strategies to create future

water supplies.
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Introduction

Climate change is expected to cause more intemsilfavents, such as thunderstorms
and tropical cyclones [1-3], warmer temperatured][2nd increased sea levels due to increased
rates of thermal expansion and ice melt from gladigé, 5-18]). Gregory et al. [18] noted that in
the last two decades, the global rate of sea ldsel (SLR) has been greater than the 20th-
century mean, and that there may be increasingibations to global SLR from the effects of
landmass snowmelt, groundwater depletion and lbssocage capacity in surface waters due to
siltation. Every part of the world may be affegtatthough each community needs to evaluate
which issues are of greatest concern to them.ekample, in southeast Florida, climate change
has manifested itself primarily as an increaseea kevel [15, 16], which is expected to have
significant consequences for coastal areas wheredmbination of sea level rise (SLR) and
population growth makes it essential to continueetiping flood management strategies [19-
24]. Various researchers have already noted ilmparttoastal and island environments [19-21,
25-33].

The combination of rising seas and intense storassthe potential to overwhelm the
highly engineered storm water drainage system ofalsaand control structures that have
effectively enabled management of water tablesyced the potential for flooding of the low
terrain, permitted development and controlled satéw intrusion in south Florida [34]. The

advent of sea level rise will present new challengpecause the water table is currently
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maintained at the highest possible levéb ceunter-offset saltwater intrusionand-while
maximiznge water supplies [34-36]. As the skavel rises, it will disrupt thepolicy balance
struekbetween flood risk and water supply availabilit¢].3

South Florida has distinct wet and dry seasons.[36]0 percent of the annual
precipitation typically falls from June to Septemljast before the king tides. Despite receiving
60 inches of rainfall each year, ongoing flood patibn efforts create a situation where south
Florida is often water supply limited during theydreason as topography limits the ability to
store excess wet season precipitation in surfaserveirs [36]. Soil storage is limited because
the aquifer levels are often just below the surfadhe wet season. It is this limited soil st@ag
that leads to flooding, necessitating the extendnznage works facilitate that discharge large
volumes of water during the wet season, reduciralatility in the dry, tourist season. These
historical water management conflicts create péiadter restrictions, and led to a 2007 rule
developed by the South Florida Water Managemerttiftishat restricts further development of
Biscayne aquifer wellfields [36].

Despite these historical water management conflictd periodic disruptions, south
Florida will remain a desirable place to live, @ interconnectedness of water will require the
traditional barriers between water and storm wettdre replaced with a more integrated solution
that addresses the immediate concern about thairsaisility of the Biscayne aquifer as a viable
and efficient water supply source that will satigfg public demands for future development in
south Florida [34, 36], while protecting infrasttuie and property from flood damage. New
ideas will play a role. Storm water utility manegevill need solutions to dispose of excess
storm water that causes increased flooding frequecing routine rainfall as a result of soil

storage capacity declines, while water supply tytilhanagers are looking for reliable water
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supply solutions [36]. At present, there is a latlgood data to make decisions on what to do,
when and with what priority. The vulnerability offrastructure is of particular concern on
coastal or island communities like those in south&&orida.

A number of data sources are available to locakiaefé to help initial screening of
vulnerability. Topography is a key parameter ihfiiences many of the processes involved in
coastal change, and thus, up-to-date, high-resolutiigh-accuracy elevation data are required
to model the coastal environment. Previous appremto modeling inundation from simulated
sea-level rise have been limited by coarse-resoluélevation datasets (surveys), field spot
elevations, and United States Geological Survey@8Smaps) as opposed to high resolution
electronic imagery [31, 37-41]. However commuriitgithe importance of sea level rise to low
lying local entities requires higher resolution aldtecause inches matter in many low-lying
coastal areas [28, 42-43]. An improvement to topplgic maps is low resolutiohight
Detection and RangingLiDAR), which is available in many areas, but tbearse vertical
definition (+/- 2 feet) is not useful for coastatas that are within 3 to 5 feet of average seal lev
([34]. High-resolution elevation data are neededifivestigating the influence of topographic
complexity on landscape processes, including dgaireanals and levees [41]. The increasing
availability of high resolution LIDAR in coastaleas allows for improved assessments to be
done over more areas and integrated into naticatakdts [44], and has led to an increased trust
in using electronic measurements as a means fessiag vulnerable infrastructure and property
[34, 45-48]. The highest resolution LiDAR availakie +/- 3 inches (0.1 m)Recent high
resolution LIDAR data is often available in manylnerable coastal areas of Florida [34, 48-

51].
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The use of LIDAR has the benefit of translatingilgae geographic information systems
(GIS). The LIDAR data format used for this projeeas the American Standard Code for
Information Interchange (ASCIivhich-is—easiy-handleth uploaded tdpy ArcGlS-seftware
The ASCII format is comprised of the raw LIiDAR dayge format, translated into a X, Y, Z

global coordinate plane system (49, 58fWhile there are a number dhedifferent

topographical data repository sourcesly the National Oceanographic and Atmospheric
Administration (NOAA) offered the native data in 88 format using the NAVD 1988 vertical
datum [34, 49 - 50].

Topography identifies vulnerable land, but soilrate capacity is what really identifies
flooding potential. Where the soil can drain waiewill (although imperviousness can delay
soil drainage). To identify areas with soil starampacity issues, the groundwater levels need to
be determined [49]. Bloetscher et al. [16, 34] ddteat prior efforts used a variety of elevations
for high tide results, but found that the groundwaglevation would seek high tide as opposed to

average tides. Where king tides and rainfall ddim¢he flooding potential was greatest.

Aims of the Study

This paper outlines an initial approach to asseasevel rise and flood vulnerability, as
applied to Miami Beach, a coastal island commuaitgearly 100,000 people. The objectives of
the research were to develop an accurate method@ogredicting impacts of sea level rise at
the local level by identifying how existing topoghac, groundwater and tidal data sources can
be utilized to identify infrastructure vulnerable sea level rise. A toolbox of options was

developed to determine appropriate means to miiffedd impacts.
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M ethodology

There may be a significant difference between niegim tide and the seasonal high tides,
which produce the most flooding. To generate tlogdwater layer, six existing well locations

were selected in Miami BeacliEach was oultfitted witbata loggers that collect salinity and water

depth were placed in each of the monitoring station October 20120 conduct continuous

groundwater elevation monitoring (see Figure 1).[34n attempt was made to selegpropriate

locationsat different distances from the ocean to charamdhe tidal responses abdsed-upon

the—proximity—of-wellsto-the—coastto—each—othmgatiallyandthe hydrogeologic/hydrologic
characteristics of their locatiorj84]. Dataleggers—that-collectsalinityand-watkepth-were

—Two rain gauges with an auto-
tipping bucket system were also installed at twahef monitoring well locations. This data was
collected for a period of thirteen months (Octobepugh October 2013), and continues to be
collected. The data was downloaded monthly. Eduishows the results for one month. The
monitoring wells indicated that the groundwateels\at five of the six sites varied with the tides.
Figure 3 is typical results from the 6 wells oviee t13 month period. Figure 3 shows that the
groundwater table floats 0.2 to 0.5 ft above thyhhide elevations.

The monitoring well data was used to develop treigd water surface elevation layer.
Various interpolation methods were considered tderdgine the surface. The resulting
interpolation that produced the best performance evdinary krigging. The high tides and the

groundwater levels in the wells were krigged taateea groundwater surface elevation layer, and
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inserted into the GIS model. Two groundwater mapse developed: mean high tide as the
current baseline, and peak seasonal water tableljercafter the wet season and corresponding
to the seasonal high water table). It should bedthat hydraulic head values may need to be
converted from NGVD 1929 to NAVD 1988, to match teeestrial elevation dataset.

Next tide data was gathered. It was determinetdth@a95-100 percentile tides occurred
primarily in the October timeframe (by listing &illes in order of smallest to largest). Tallying
the tides for the 6 years in order, determined ttmathighest tides were nearly 2.3 feet NAVD88.
The frequency of flooding is a level-of-serviceuissand goes to the acceptability of flood
frequency regardless of the source. While eachnuamty can define acceptable flooding
frequency differently, the expectations of the pubtust be kept in mind. For example, Miami
Beach, the one can assess the acceptability afifigdco0%, 10%, 5% or 1% of the days of the
year. The mean condition results in a value 099.f [34] it should be noted that the initial
planning level by the City’s consultant used watb(t, and the prior City Engineer noted that
asked the consultants to raise the level to 067 ftowever this means that flooding would
occur somewhere in the City every other day, wigchot acceptable. However if flooding was
permitted in certain low lying areas only 10% oé ttime, the planning level should be 1.2 ft
[34]. For 5% of 1% the levels should be 1.39 arf@® It respectively [34]. A level of service for
vulnerability was defined as the '9@ercentile - 4 flooding events per year (basedisoussion
with local officials) [34]. Since the tides occusincidentally with the high water table (1.72 ft,
with 0.3 ft of free float, a 2 foot October grouraher level/high, high tide data was krigged.

Overlaying the two maps identified the areas lagliapacity to drain the surface — low
elevation and high water tables. Drilldown effousing 10 x 10 ft ArcGIS tiles were used to

identify “potentially vulnerable,” and thereafterdinerable” infrastructure which comports with
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directives from the United States Army Corps of iBegrs that any coast or near-coast projects
must include consideration of sea level rise [J4iis assessment was compared to the “bathtub”
models used by other consultants and planners,hwéissumes that the groundwater is flat.
Figure 4 shows a substantial difference in the #hae&is vulnerable. Table 1 shows that the
strategy used in this assessment obtains signifjcemore vulnerable property than the bathtub

model today. The results are exacerbated with.time

Findings

Mapping the City with LIDAR and topographic mapsified that the mapping could
identify flooding areas (red areas in Figure 5dje Vellow areas are caution areas (within 2 feet
of the high tide). The areas indicated in gregmasent land with elevations two feet above the
referenced tidal datum, which would be considemd tisk under current tidal conditions.
Assuming the current high tide for planning purggsehere there is a 1% likelihood for there to
be flooding somewhere in the City on any given day

Figure 5b shows the vulnerable areas in red. Theséhe areas that are vulnerable with
a 1 ftincrease in SLR. The yellow areas are oaudreas (within 2 feet of the future high tide).
There is a 36% likelihood for there to be floodsmgmewhere in the City on any given day with
one foot of sea level rise. Figure 5c shows tleasthat are red are the vulnerable areas with a 2
ft increase in SLR. There is a 97% likelihood tieere to be flooding somewhere in the City on
any given day with two foot of sea level rise. Thex a 100% likelihood for there to be flooding

somewhere in the City on any given day with thies df sea level rise (see Figure 5d).
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Meeting the Stormwater Challenge

Having identified the vulnerable areas of the Cilye next step was to investigate
potential options to remedy the situation. Pumpéngn obvious answer but carries with it water

quality impacts in nearshore waf@d]s. Since offshore nutrient concentrations are of comce

direct discharge could pose a problefable 1 is a list of potential stormwater soluti@msl the

benefits and barriers. Transportation agencies arudt municipalities rely heavily on
exfiltration trenches or French drair$ in southeast Floridas—ne-exeeption These systems
work because the perforated piping is located altbgewnater table. They cease to function if

they ardocatedbelowthe-watertablsubmerged [34] However, &xfiltration trenches could be

replaced by stormwater gravity wells, Class V ittt wells or infiltration gallerigg4].
Stormwater gravity wells are a useful option whealtwater underlies the surf$84].

BrainageClass V drainagevells have been used to dispose of stormwater for yaars

the southeast Florida coastnder the right conditions — head, salinity, tthephese wells can

dispose ofan-drainl MGD- [34]undercertain-conditionsDrainage-wels require-splitter bex

and-filteis toremovdBecause of the-solids, turbidity and detrital matter from the suod

drainage wells require splitter boxes and filtemsi aegqular inspections to insure the wells are

not plugged or backflowing saltwater to the surfaeeintenance-to-clean-them.—and-engoing

permit-complianed34]. However as sea level rises, the potential difféeaémbay be altered

since the saltwater wedge may migrate inland assaltr of surficial drainage efforts. Also,

increased head due to a water table rise will gitenp characteristicsE
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treatmenefforts for Class \V-well-compliance.

For low lying areas, elevating roads may be anooptiHowever, this option comes with

two significant issues: the cost of raising roagwievations and impacts on adjacent properties
from same. Local roadway elevations will be lirditey the adjacent buildindg84]. All adjacent
properties would need pumps to remove their storiemeand prevent road runoff from entering
their property. In addition, sanitary sewers, watgins and other utilities underlie these
pavements and would need to be replaced. Rightagfabandonment is also an option but has
severe consequences to adjacent propd8igs

Wellpoint systems are a series of small diametéisvspaced regularly along excavations
into the water table for dewatering constructiotesi Wellpoint water is usually turbid,
containing sand, silt and contaminants from rundfiis form of dewatering requires a discharge
zone, which will require offsite property and a medo control turbidity. Wellpoint pump
stations would need to be regularly spaced alomyg atffiected roadway to be successful in
keeping low-lying roads dr{34]. As a result a series of pump stations might &eded for
every mile of roadway since typical dewatering syst. Since wellpoints do not function in

flood conditions, additional drainage measures rhasiaken to address wellpoint failure during
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heavy rainfall events. Infiltration trenches issiailar solution, but with larger capacity and
better performance during rainfall events since thgerate more like sanitary sewer lift stations
[34].

There is commonality among most of these solutietisey can be implemented at the
local level, they all have a cost of implementatiand they all require ongoing efforts to control
and monitor water quality to discharge points —Isygrivate property or water bodies. All of
these apply to Miami Beach, which is similar in @dwderistics to many coastal communities. As
a result, finding unique solutions to mitigate twater quality impacts might lead to other

beneficial solutions.

Meeting the Stormwater and Water Supply Challenge Concurrently?

The production and delivery of drinking water, grtion from flood waters and the
treatment of wastewater are recognized as vitadtfons of society and the local public works
entity. The traditional utility operations havepaeated “clean” drinking water from “dirty”
waste and stormwater for public health simplicitg.most utilities, the crews and equipment are
separate even if managed by the same entity. Bt nases, little linkage has been established
despite efforts by various organizations to lookhat total water. Some progress has been made
in replacing irrigation with potable water with &ted wastewater effluent, but stormwater is
generally outside the utility “silo.”

The challenge in low lying areas with increasefedinntensity and sea level rise will be
too much water, not too little as has been not¥dhere water supplies are restricted, water

supplies canbecomebe mademore reliableand in the long-termsustainable through a
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comprehensive approach to water plannidigch-ineludeghat-usirgcombinesalternative water

sources and planning future infrastructure neegils-longterm-goak-inmind34]. In keeping

with these categories of protection and adapta®defined by Deyle [53], the questiorhizw

to makevhether infrastructure can serve multiple purposssd be able to be constructed

incrementally over time and needs demand, withdie tbeed to abandon any of these

investments From a storm water/water supply perspectiveatitbors believe the answer is yes.

Becatse As noted in Bloetscher, et al [34], the uncertasggociated witbfthesea level

rise_and the ongoing risk frgratential-forsaltwater intrusioras a result of managemd aquifer

levels,and-the-uncertainty-of sealevelriseastal wells willcontinue tdikely-be threateneds
they-have-already-beenlimited-in-south-Fleaslhistory has shownAlternatives for new water

supplies are limited (mostly saltwater sources)ciwhitan only be overcome with significant

costs to build new water treatment facilities. rBiwater is rarely mentioned as a supply, but all
rivers are stormwater runoff34]. Coastal areas will not be able to store thisoffuffior
topographical reasons, but, infiltration trenchéls wwork continuously, and require a continuous
point of discharge. A water treatment plant iohtson to the water quality and water supply
conundrum.

The use of infiltrationechnology-to-reduce-groundwaterlevgddleriesalong streets and

iovasld accomplish the same thing as

wellpoints. The concept is not new as it is suedughoutht emiwest as a means to obtain higher

quality water from surface rivers and streamsthbse places it is termeéiverbank filtration In

island communities the technology is used to s&ird-erforskimmingfreshwaterlenses that

reside atop saltwateristand-communities-where-wateris-timitednfiltration galleries-whieh

are—basieally or horizontal wells, have not been used in Floridaabse vertical wells have
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always been so productiveddowever the benefits is thanfiltration galleries could spread the

cone of depression and minimize drawdowmBich would facilitate théo-permit-additional-the

skimming of additional fresh watersupplies from above the saltwater intrusion fromhile

concurrentlyiust-below-the-surface-wheitecarincreagnge soil capacitythe-mest Since these

systems will run continuously, they mimic water gligs.

Conclusions and Recommendations

The hydrologic cycle is currently changing in mdogales. Fhere-is-strong-evidence

that-gGlobal climate change is having an impact upon tloeldis water resources which may

exacerbate current trendshs—a—+esultfExperts expect mordooding from intense raingAl

irereasewith time, especially in urban areas with alteradace conditions.StermAt the same

time, stormwater utility managers are looking for a solutionidentify vulnerable areas and to

identify solutions to deal with increased floodifrgquency that residents recognizét-the

same-time, andwater supply utility managers are lookifag-for additional, and moreeliable

water supply solutions.
In this investigation, GIS mapping, high resolutibibAR and groundwater mapping

from well data was used to identify the vulneredreas in Miami Beacfrom 0, 1,2 and 3-Fhe

protocolwas-extended-tof8et of sea level riseA-series-of solutions-was-found.he City has

significant vulnerability which is not surprisingWhat was noted was that flooding occurs

concurrently with king tides and the end of the sedson, which create the worst conditions on

the island. The same can be applied to other delgtiida island communities. The solutions

indicated thalOne-thing-that-because-obvicus-was that traditional barrierbetween utilities
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may prevent-the—potentiafrustrate efforts to deri¥era unique solutios to address both

stormwater excess and water supply nee@se-toclidentified-as-having-potential-to-address
both-wasinfiltration—galleries—Infiltration gallerieswil-were identified as a tool that has the

potential toreduce groundwater levels, which make soil capattitgbsorb rainfall increase

while creating a constant water suppl¥loodingwillfrequency shouldlecreaseas—a—result

while water supply sources increase-hisThe infiltration gallerysolution has the potential to

help many low lying areas and island communitieferk the life of their communities from
flooding damage by reduce flood riske\t-the-same-time-they-mawhile eapturecapturing
water to treat for water supplies.

However the parameters that define infiltrationleyés is site specific. The production
from a horizontal well is related to screen lenggtgin size of the sand, transmissivity of the
sand, head, open space in the screen and othersfaali of which are site specific. Hergeany

proposed infiltration gallery program will requigelocal testing progranweuld—need-to—be

pursuedo defineanswerthe productivity per foot of well screen. Onbesethis valueis -are
known, the length of horizontal well is easily adfted and long-term development of additional
horizontal wells is easily accomplished.

A bigger challenge will be permitting of the honal well. This may take time to
demonstrate that the water used is direct raiotgiture. Once demonstrated, the final task will
be to address the “groundwater under direct infteeof surface” water issue in the Safe
Drinking Water Act. This requirement places moreqfient monitoring on the utility as
compared with traditional groundwater sources. rAgpam must be designed for ongoing
testing to comply with the groundwater under theedi influence of surface water rules, and

identify appropriate treatment methods. But the o$ infiltration trenches would seem to
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provide an opportunity to address soil storage cdapand water supply needs while being

protective of both public health and property.

REFERENCES

8.

9.

Intergovernmental Panel on Climate Change - IP@D{2—Climate Change 2007: The
Physical Science Basis.

Karl, T.R.; R. Thomas, J.M. Melillo, T.C. Peters@ads.), Global Climate Change
Impacts in the United States, U.S. Global ChangseReh Program, Cambridge
University Press, 2009, available online at:
http://www.globalchange.gov/publications/report&stific-assessments/us-impacts/full-
report

U.S. Climate Change Science Program. 2008. “Syigtesd Assessment Product 4.3:
The Effects of Climate Change on Agriculture, LeResources, Water Resources, and
Biodiversity in the United Stateshttp://www.climatescience.gov/Library/sap/sap4-
3/final-report/default.htmaccessed 8/8/08

Singer, F.E. 2008. Nature, not human activityesutlimate change, summary for policy
makers, The Nongovernmental International Panélonate Changes, The Heartland
Institute, Chicago, IL, 2008.Jevrejeva S., J.C. Moand A. Grinsted, 2010. How will
sea level respond to changes in natural

Bindoff, N.L., Willebrand, J., Artale, V., Cazenaw., Gregory, J., Gulev, S., Hanawa,
K., Le Que’re’, C., Levitus, S., Nojiri, Y., Shu@,K., Talley, L.D., Unnikrishnan, A.
2007. Observations: oceanic climate change andiesed In: Solomon, S., Qin, D.,
Manning, M., Chen, Z., Marquis, M., Avery, K.B., grior, M., Miller, H.L. (Eds.),
Climate Change 2007: The Physical Science Basistridotion of Working Group | to
the Fourth Assessment Report of the IntergoverrmhdPanel on Climate Change
Cambridge University Press, Cambridge, United KorgdNew York, NY, USA.
Domingues, C.M., Church, J.A., White, N.J., Gleckr.J.; Wijffels, S.E., Barker, P.M.,
Dunn, J.R., 2008. Improved estimates of upper-oceaming and multi- decadal sea-
level rise.Nature453 (7198), 1090-1093.

Edwards, R., 2007. Sea levels: resolution and tsmiogy. Prog. Phys. Geogr31 (6),
621-632.

Gregory, J.M., 2008. Sea level rise: what makesliptien so difficult?Planet Earth
Spring, 24-27.

Vermeer, M. and Rahmstorf, S. 2009. Global seal lémked to global temperature.
PNAS vol. 106, no. 51, pp. 21527-21538&tp://www.pnas.org/content/106/51/21527

10.Jevrejeva S., J.C. Moore, and A. Grinsted, 201Qv Mdll sea level respond to changes

in natural and anthropogenic forcings by 21@#ophysical Research Lettemol. 37,
L07703, DOI:10.1029/2010GL042947.

11.Heimlich, B.N., Bloetscher, F., Meeroff, D.E., Meyin J. 2009 Southeast Florida's

Resilient Water Resources: Adaptation to Sea LBigd and Other Impacts of Climate
Change. Boca Raton(FL): Florida Atlantic University: Centegfor Urban and



365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409

Environmental Solutions, Department of Civil Engineg, Environmental, and

Geomatics Engineering.
http://www.ces.fau.edu/files/projects/climate che®E Florida Resilient Water Reso
urces.pdf

12.Bloetscher, F.; Meeroff, D.E.; Heimlich, B.N. 2009mproving the Resilience of a
Municipal Water Utility against the Likely Impacté Climate Change, A Case Study:
City of Pompano Beach Water Utilitfglorida Atlantic University, November 2009.
http://www.ces.fau.eduf/files/projects/climate _chaftpmpanoBeachWater CaseStudy.p
df.

13.Bloetscher, F., Meeroff, D.E.; Heimlich, B.N.; BrawA.R.; Bayler, D.; and Loucraft, M.
2010. Improving the Resilience of a Municipal Wdtkility Against the Likely Impacts
of Climate Change: A Case Study: City of Pompaeadh, Florida Water Utility: City
of Pompano Beach, Fllournal American Water Works Associatid®2:11. Pp 36-46,
November 201 0http://www.awwa.org/files/secure/index.cfm?Filel| CB&[789.

14.Bloetscher, F.; Heimlich, B.N. and Romah, T. 20Cbunteracting the Effects of Sea
Level Rise in Southeast Floriddpurnal of Environmental Science and Engineering
5:11, 1507-1525, November 2011.

2012. Identification of Physical Transportationragtructure Vulnerable to Sea LeV\e]‘\‘[Formatted:

Rise,Journal of Sustainabilityvol. 5, No. 12.

: Font:

Font color:

Red

Font:

Font color:

Red

: Font:

Font color:

Red

: Font:

Font color:

Red

of Transportation Physical Infrastructure Vulneeatul Sea Level Rise (SLR)purnal of\?{;{pormaued
Infrastructure SystemVol. 5, No 12. { Formatted

17.Church, J.A., Gregory, J.M. And Huybrechts, P. 200hanges in sea level. In Climate
Change 2001: The Scientific Basis, J.T. HoughtonDig, D.J. Griggs, M. Noguer, P.
van der Linden and D. Xiaosu (Eds), pp. 639-693{@é&lge: Cambridge University
Press, Contribution of Working Group | to the Thikksessment Report of the
Intergovernmental Panel on Climate Change).

18.Gregory, J., White, N.; Church, J.; Bierkens, MaxBJ.; Van den Broeke, M.; Cogley,
G.; Fettweis, X.; Hanna, E.; Huybrechts, P.; Komikd..; Leclercq, P.; Marzeion, B.;
Oerlemans, J.; Tamisiea, M.; Wada, Y.; Wake, L. ¥ad de Wal, R. 2012: Twentieth-
century global-mean sea-level rise: is the wholeagsr than the sum of the partg?.
Climate.d0i:10.1175/JCLI-D-12-00319.1.

: Font:

Font color:

Red

: Font:

Font color:

Red

{ Formatted:

Font:

Font color:

Red

o U U L L

19. Parkinson,Randall W. 2010.Municipal adaptation to sea-level rise: City of &iite - | Formatted: Font: Font color: Red

Beach, July 30, 2010 R. W. Parkinson Consulting, Inc. Melbourne,rida.

20.Zhang K. 2011. Analysis of non-linear inundatioanfr sea-level rise using LIiDAR data:
a case study for South Florid&lim Changel06:537-565. dadl0.1007/s10584-010-
9987-2.

21.Zhang, K.; Dittmar, J.; Ross, M.; and Bergh, C. Z9IAssessment of sea level rise
impacts on human population and real property i@ Btorida Keys.Clim Change
107:129-146. dol:0.1007/s10584-011-0080-2.

22.NFIP 2011.National Flood Insurance Program Loss Statisticanir January 1, 1978
Through Report as of 07/31/2011. /http://bsa.néipsbm/reports/1040. html, (cited
October 2011).




410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455

23.Schmidt, K. A.; Hadley, B. C. and Wijekoon, N. 20Mertical Accuracy and Use of
Topographic LIDAR Data in Coastal Marshdsurnal of Coastal Resear@v 6A 116—
132 West Palm Beach, Florida November 2011.

24.Warner, N. N. and Tissot, P. E. 2012. Storm flogdgensitivity to sea level rise for
Galveston Bay, TexasQcean Engineering4 (2012) 23-32.

25.Purvis, M.J., Bates, P.D., Hayes, C.M. 2008. A piilistic methodology to estimate
future coastal flood risk due to sea level riSeastal Eng55 (12), 1062-1073.
visitor behaviour and habitat use at the coast: ®\ddse studyGlobal Environmental
Change20 (2010) 303-313.

27.Frazier, T.G., Wood, N., Yarnal, B., Bauer, D.HO1R. Influence of potential sea level
rise on societal vulnerability to hurricane stormrge hazardsSarasota County, Florida.
Appl. Geogra. 30 (4), 490-505.

28.Poulter B. and Halpin, P. N. 2007. Raster modelthgoastal flooding from selavel
rise,International Journal of Geographical Informatiogi&nce 22:2, 167-182.

29.0ECD. 2008.Ranking Port Cities with High Exposure and Vulnéligbto Climate
Extremes: Exposure Estimaterganisation for Economic Co-Operation and
Development, OECD Publishing.,

30.Murley, J.; Heimlich, B.N. and Bollman. 2008lorida’s Resilient Coasts: a State Policy
Framework for Adaptation to Climate Chanddprida Atlantic University, May 2008.
http://www.ces.fau.edu/files/projects/climate chaihd ResilientCoast.pdf

31.Nicholls, R.J. 2004. Coastal flooding and wetlaosklin the 21st century: changes under
the SRES climate and socio-economic scena@dsbal Environmental Changd4, pp.
69-86.

32.Southeast Florida Regional Climate Change Com&ERCC) Inundation Mapping and
Vulnerability Assessment Work Group. 20#nalysis of the Vulnerability of Southeast
Florida to Sea Level Rise

33.Riggs, S.R. 2001Shoreline Erosion in North Carolina’s EstuariéRaleigh, NC: North
Carolina Sea Grant Program, North Carolina Statedysity).

34.Bloetscher, F, Locke, N.; van Allen, G.T.; and Myrh. 2014. A Manager’'s Paradigm:
Too much Water and Limited Water Suppliefrida Water Resource Journ&é:5, pp
29-40.

35.Bloetscher, F. 2008. The Potential Impact of Clen&hange on Groundwater Recharge,
Groundwater Protection Council Annual Forum Procegd - Cincinnati GWPC,
Oklahoma City, OK

36.Gonzalez, A. and Bloetscher, F. 2010. Sustaingb#ditd Florida Water Supplies, in
Bloetscher, F. edSustainable Water Resources CompendiéddWA Denver, CO

37.Park, R.A., Trehan, M.S., Mausel, P.W. and How«;.R988.The Effects of Sea Level
Rise on U.S. Coastal Wetlan@sidianapolis, IN: Holcomb Research Institute, IBut
University).

38.Moorhead, K.K. and Brinson, M.M., 1995, Responseefiands to rising sea level in the
lower coastal plain of North CarolinBcological Applications5, pp. 261-271.

39.Titus, J.G. and Richman, C. 2001. Maps of landsenable to sea level rise: modeled
elevations along the US Atlantic and Gulf coa€ignate Researchl8, pp. 205—-228.

40.Titus J.G. and J. Wang. 2008. Maps of Lands Clas&da Level along the Middle
Atlantic Coast of the United States: An Elevatioat® Set to Use While Waiting for




456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497

498
499

LIDAR. Section 1.1 in:Background Documents Supporting Climate ChangenBeie

Program Synthesis and Assessment ProductJ4@ Titus and E.M. Strange (eds.). EPA
430R07004. u.s. EPA, Washington, DC.
http://papers.risingsea.net/federal_reports/Titnd &trange EPA sectionl 1 Titus an
d Wang may2008.pdf

41.Duke, G.D., Kienzle, S.W., Johnson, D.L. and Byra&/., 2003, Improving overland
flow routing by incorporating ancillary road dataad digital elevation modelgournal of
Spatial Hydrology 3, pp. 1-27.

42.Marbaix, P. and Nicholls, R.J., 2007. Accuratelyedmining the risks of rising sea level.
Eos, TransactionsAmerican Geophysical Union, 88(43), 441-442.

43.Small, C. and Nicholls, R.J., 2003. A global analysf human settlement in coastal
zones. Journal of Coastal Research, 19(3), 584-599.

44.Gesch, D.B., 2007. The National Elevation Dataset. Maune, D. (ed.),Digital
Elevation Model Technologies and Applications: TeM Users Manual, 2nd Edition
Bethesda, Maryland: American Society for Photogratnynand Remote Sensing, pp. 99-
118.

45, Franklin, Rod. 2008. “Lidar Advances and ChallengedReport from the International
Lidar Mapping Forum.” Imaging Notes MagazineAccessed September 2009 at
www.imagingnotes.com/go/article free.php?mp_id=129

46. Stoker, J.; Parrish, J.; Gisclair, D.; Harding, Bgugerud, R.; Flood, M.; Andersen, H.;
Schuckman, K.; Maune, D.; Rooney, P.; Waters, KabiH, A.; Wiggins, E.; Ellingson,
B.; Jones, B.; Nechero, S.; Nayegandhi, A.; Sallizand Lee, G. 200Report of the
first national lidar initiative meetingFebruary 14-16, 2007, Reston, Va. U.S. Geological
Survey Open-File Report 2007-1189, 64p.

47.Gesch D.B. 2009. Analysis of LiDARIevation data for improved identification and
delineation of lands vulnerable to sea-level risd. Coast Res 53:49-58.
doi:10.2112/S153-006.1.

48.NOAA. 2010.Lidar Data Collected in Marshes: Its Error and Afgaltion for Sea Level
Rise ModelingNOAA, Charleston, South Carolina.

49.Romah, T. 2012. Advanced Methods in Sea Level Riatnerability Assessment,
Master Thesis, Florida Atlantic University, Bocat&a FL.

50.NOAA. 2012. Wing Lidar to Plan for Sea Level Rise in Oregon
http://www.csc.noaa.gov/digitalcoast/stories/oreddes

51.Romah, T. and Bloetscher, F. 20T30ls For Assessing Sea Level Rise Vulnerability
Journal of Water and Climate

52.FDOT. 2012. BDK79 977-01 Development of a Methodgléor the Assessment of Sea
Level Rise Impacts on Florida's Transportation Moded Infrastructure, Summary [PDF
- 470 KB], Final Report [PDF - 13,326 KBhttp://www.dot.state.fl.us/research-
center/Completed_Planning.shtm

53.Deyle, R.E.; Bailey, K.C.; and Matheny, A. 200¥daptive Response Planning to Sea
Level Rise in Florida and Implications for Comprakize and Public Facilities
Planning Florida State University, Tallahassee, FL.




500

501

Table 1 Tools to Protect Infrastructure from Seadl Rise Impacts

Solution

Benefits

Barriers

Increase stormwater drainage systeraduce flooding faster

capacity through more pumping

nearshore water quality ictgpd
discharged to waterways;
installation and operations cost,
need to constantly increase
capacity

Increase the number of pumpi
stations specifically installed to dral
roadway right-of-ways

ngeduce flooding faster
n

nearshore water quality ictgpd
discharged to waterways;
installation and operations cost,
need to constantly increase
capacity

Install gravity wells

Provide place for water
to go

Only works where saltwater
underlies freshwater, cost, need
constantly increase capacity

[0

Install Class V injection wells

Provide place for water
to go; high capacity

Permits, operations and
installation cost, need to constan
increase capacity

t

y

Identify offsite stormwater retentio
areas to divert excess stormwater

nNWater quality and
quantity benefit

will become inundated as sea lev
rises

el

Exfiltration trenches as a draina
solution

geeduce flooding faster

will cease to work as grauaier
levels rise

Raise roadway elevations

reduce flooding

offsite impacts, right-of-way
acquisition

Abandon roadways too low and wi
neighboring areas too low to elevg
without private property impacts

treliminates public sector
itgost

offsite impacts, lost infrastructure
investment, loss of access to
property, potentially catastrophic

Reengineering canal systems, con
structures and pumping stations

robduce flooding faster

cost, nearshore impacts

Install wellpoint dewatering
technology for permanent use

) creates soil capacity for
drainage, reduces
flooding

nearshore water quality impacts
discharged to waterways;
installation and operations cost,
need to constantly increase
capacity

=

Install infiltration dewatering
technology for permanent use

creates soil capacity for
drainage, reduces
flooding

nearshore water quality impacts
discharged to waterways;
installation and operations cost,
need to constantly increase
capacity

=
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508
509 Figure 2 Tides from October 1, 2012 to November2813. Note the highest 3 day total is 2.0
510 ft. Normal low water table tide 3 day events drewve 1 ft.
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513 Figure 3 Miami Beach golf course station. The iMii8each golf course site shows that the
514 groundwater level basically matched the high tiné,fluctuated 0.5 ft downward as tides went
515 out.
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517 Figure 4 Comparison of Bathtub model vs. Groundwatjusted soil storage model
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Figure 5a - d — Vulnerable and potentially vulndgadreas in the City of Miami Beach at present
and assuming 1, 2 and 3 ft Sea level rise scenasiag soil storage model at 99 percentile tides



