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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 optionddal with this problem — retreat, offshore
discharges or finding a use for the water. Thst fis not an option so the others must be
evaluated. To do so, the first task needed totiiyesolutions to this problem is to define the
severity of the problem through a vulnerability lgss 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 lmanutilized to identify infrastructure
vulnerable to sea level rise and flooding. Basedistudy of monitoring well water levels on
Miami Beach, it was noted that during the yearugawater levels fluctuate due to tidal levels
and rainfall, with the Fall king tides creating theghest 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 creaech larger vulnerability than current sea level
rise analyses suggest and that the king tides ¢hvdevel 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 waiteA 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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| ntroduction

Climate change is expected to cause more intemsltaevents, such as thunderstorms
and tropical cyclones [1-3], warmer temperatured][and increased sea levels due to increased
rates of thermal expansion and ice melt from gtadig, 5-18]). Gregory et al. [18] noted that in
the last two decades, the global rate of sea Iesel (SLR) has been greater than the 20th-
century mean, and that there may be increasingibahons 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 affectatthough 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 whereedmbination of sea level rise (SLR) and
population growth makes it essential to continueetiing flood management strategies [19-
24]. Various researchers have already noted irspaticoastal 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 tablesyaed the potential for flooding of the low
terrain, permitted development and controlled satiéw intrusion in south Florida [34]. The

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

South Florida has distinct wet and dry seasons.[36]0 percent of the annual
precipitation typically falls from June to Septembast before the king tides. Despite receiving
60 inches of rainfall each year, ongoing flood potibn 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 suriache wet season. It is this limited soil staag
that leads to flooding, necessitating the extendnagnage works facilitate that discharge large
volumes of water during the wet season, reduciralahility in the dry, tourist season. These
historical water management conflicts create pé&siadter 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 confletd periodic disruptions, south
Florida will remain a desirable place to live, b@ interconnectedness of water will require the
traditional barriers between water and storm wittdre 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 satiifie public demands for future development in
south Florida [34, 36], while protecting infrasttuiee 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 frequencing 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 lalgood 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 souwth&sorida.

A number of data sources are available to locakiaf6 to help initial screening of
vulnerability. Topography is a key parameter thftiences 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 app@mto modeling inundation from simulated
sea-level rise have been limited by coarse-reswluélevation datasets (surveys), field spot
elevations, and United States Geological SurveyG8Emaps) as opposed to high resolution
electronic imagery [31, 37-41]. However communiggthe 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 topplic 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 dgar@anals and levees [41]. The increasing
availability of high resolution LIDAR in coastal eas allows for improved assessments to be
done over more areas and integrated into naticatalsdts [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 availabk +/- 3 inches (0.1 m)Recent high
resolution LIDAR data is often available in manyinarable coastal areas of Florida [34, 48-

51].
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The use of LIDAR has the benefit of translatingilgas geographic information systems
(GIS). The LIDAR data format used for this projeeas the American Standard Code for

Information Interchange (ASCIivhich—is—easHyhandieh uploaded tdsy ArcGIS-seftware

The ASCII format is comprised of the raw LIDAR ddyge format, translated into a X, Y, Z

global coordinate plane system (49, 5&fWhile there are a number dhe—different

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 soilrage capacity is what really identifies
flooding potential. Where the soil can drain watewill (although imperviousness can delay
soil drainage). To identify areas with soil staxagpacity 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 groundwatievation would seek high tide as opposed to

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

Aims of the Study

This paper outlines an initial approach to asseadevel 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 methogd&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 métifjadd impacts.



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

M ethodology

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

were selected in Miami BeaclEach was outfitted withata 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 charasehe tidal responses ahdsed-upon

the—proximity—of-wellsto-thecoast,—to—each—othmgatiallyy—andthe hydrogeologic/hydrologic
characteristics of their locatiorj84]. Dataloggers—that-collectsalinity—and-watlepth-were

—Two rain gauges with an auto-
tipping bucket system were also installed at twdhef monitoring well locations. This data was
collected for a period of thirteen months (Octotlepugh 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 tL3 month period. Figure 3 shows that the
groundwater table floats 0.2 to 0.5 ft above tlghttide elevations.

The monitoring well data was used to develop tleugd water surface elevation layer.
Various interpolation methods were considered tderd@ne 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 tabkelj@cafter the wet season and corresponding
to the seasonal high water table). It should beddhat hydraulic head values may need to be
converted from NGVD 1929 to NAVD 1988, to match tagestrial elevation dataset.

Next tide data was gathered. It was determinetthiega95-100 percentile tides occurred
primarily in the October timeframe (by listing &llles in order of smallest to largest). Tallying
the tides for the 6 years in order, determined ttmathighest tides were nearly 2.3 feet NAVDS88.
The frequency of flooding is a level-of-serviceussand goes to the acceptability of flood
frequency regardless of the source. While eachnoamity 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 afiigdc0%, 10%, 5% or 1% of the days of the
year. The mean condition results in a value 099.7 [34] it should be noted that the initial
planning level by the City’s consultant used wa&s(t, and the prior City Engineer noted that
asked the consultants to raise the level to 0.67 towever this means that flooding would
occur somewhere in the City every other day, wischot 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 ari® It respectively [34]. A level of service for
vulnerability was defined as the'®@ercentile - 4 flooding events per year (basedisoussion
with local officials) [34]. Since the tides occuriicidentally 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 laglaapacity 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 thereafteruinerable” infrastructure which comports with
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directives from the United States Army Corps of lBegrs that any coast or near-coast projects
must include consideration of sea level rise [F4js assessment was compared to the “bathtub”
models used by other consultants and planners,hwédsumes that the groundwater is flat.
Figure 4 shows a substantial difference in the #neais vulnerable. Table 1 shows that the
strategy used in this assessment obtains signifyjcarore 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 greqmagent land with elevations two feet above the
referenced tidal datum, which would be considema risk under current tidal conditions.
Assuming the current high tide for planning purgosehere 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. Thes¢he areas that are vulnerable with
a 1 ft increase in SLR. The yellow areas are oaudreas (within 2 feet of the future high tide).
There is a 36% likelihood for there to be floodsgmewhere in the City on any given day with
one foot of sea level rise. Figure 5¢ shows tleasthat are red are the vulnerable areas with a 2
ft increase in SLR. There is a 97% likelihood foere 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 thi@s bf 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. Pumpsngn obvious answer but carries with it water

guality impacts in nearshore waf8d]s. Since offshore nutrient concentrations are of conce

direct discharge could pose a problefable 1 is a list of potential stormwater solutiamsl the

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

they ardecatedbelowthe-watertableubmerged [34] However, &xfiltration trenches could be

replaced by stormwater gravity wells, Class V itipgt wells or infiltration gallerid84].
Stormwater gravity wells are a useful option whealtwater underlies the surf§84].

DBrainageClass V drainagevells have been used to dispose of stormwater for yaang

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

dispose okan-drainl MGD- [34]undercertain-conditionDrainage-wells require-splitter bex

and-filteis toremovd@ecause of thesolids, turbidity and detrital matter from the sod

drainage wells require splitter boxes and filtemsl aeqular 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 diffeaémbay be altered

since the saltwater wedge may migrate inland assaltr of surficial drainage efforts. Also,
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For low lying areas, elevating roads may be anooptiHowever, this option comes with
two significant issues: the cost of raising roagwbevations and impacts on adjacent properties
from same. Local roadway elevations will be lirditey the adjacent building84]. All adjacent
properties would need pumps to remove their stotiemand prevent road runoff from entering
their property. In addition, sanitary sewers, wateins and other utilities underlie these
pavements and would need to be replaced. Rightagfabandonment is also an option but has
severe consequences to adjacent propd8ids

Wellpoint systems are a series of small diametdisvepaced regularly along excavations
into the water table for dewatering constructiotesi Wellpoint water is usually turbid,
containing sand, silt and contaminants from rundthis form of dewatering requires a discharge
zone, which will require offsite property and a m&do control turbidity. Wellpoint pump
stations would need to be regularly spaced alomgathected roadway to be successful in
keeping low-lying roads dry34]. 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 rbadiaken to address wellpoint failure during
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heavy rainfall events. Infiltration trenches issianilar solution, but with larger capacity and
better performance during rainfall events since thygerate more like sanitary sewer lift stations
[34].

There is commonality among most of these solutientisey 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 —Isygdrivate property or water bodies. All of
these apply to Miami Beach, which is similar in idweristics 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, gaiton from flood waters and the
treatment of wastewater are recognized as vitattions of society and the local public works
entity. The traditional utility operations havepaeated “clean” drinking water from “dirty”
waste and stormwater for public health simplicityg.most utilities, the crews and equipment are
separate even if managed by the same entity. bt oases, little linkage has been established
despite efforts by various organizations to lookhattotal water. Some progress has been made
in replacing irrigation with potable water with &ated wastewater effluent, but stormwater is
generally outside the utility “silo.”

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

supplies canbecemebe mademore reliableand in the long-termsustainable through a




254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

comprehensive approach to water plannidrgeh-reludeghat-usingcombinesalternative water

sources and planning future infrastructure negdlslongterm-goak-in-mind34]. In keeping

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

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

incrementally over time and needs demand, withdw# heed to abandon any of these

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

BecatseAs noted in Bloetscher, et al [34], the uncertamdgociated witbfthe sea level

rise and the ongoing risk frggatential-forsaltwater intrusiomms a result of managemd aquifer

levels,and-the-uhecertainty-of seatevelriseastal wells willcontinue taikely-be threateneds
they-have-already-beenlimited-in-south-Flegglaistory has shownAlternatives for new water

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

costs to build new water treatment facilities. r8iwater is rarely mentioned as a supply, but all
rivers are stormwater runoff34]. Coastal areas will not be able to store thisofurfior
topographical reasons, but, infiltration trenchelwiork continuously, and require a continuous
point of discharge. A water treatment plant iolutson to the water quality and water supply
conundrum.

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

iovagld accomplish the same thing as

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

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

island communities the technology is used to s&wderforskimmingfreshwaterlenses that

reside atop saltwateristand-communities-where-waterlimited. Infiltration gallerieswhieh

are—basically or horizontal wells, have not been used in Floridaabse vertical wells have



277 | always been so productivddowever the benefits is thanfiltration galleries could spread the

278 | cone of depression and minimize drawdowmbkich would facilitate théo-permit-additional-the

279 | skimming of additional fresh watersupplies from above the saltwater intrusion fromhile

280 | concurrentlyust-below-the-surface-where-itcamtreatge soil capacitythe-mest Since these

281 systems will run continuously, they mimic water gligs.

282

283 Conclusions and Recommendations

284

285 The hydrologic cycle is currently changing in mdogales. Fhere-is-strong-evidence
286 | that-¢gGlobal climate change is having an impact upon tleldis water resources which may

287 | exacerbate current trend$\s—a—+resuitfExperts expect mordoloding from intense raingAi

288 | iereaseawith time, especially in urban areas with alteradace conditions StermAt the same

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

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

291 | same-time, andwater supply utility managers are lookifeg-for additional, and moreeliable

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

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

295 | protocolwas-extended-tof8et of sea level riseA-series-of-solutions-wasfeund.he City has

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

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

298 | the island. The same can be applied to other delgtida island communities. The solutions

299 | indicated thalOne-thing-that-because-obvious-was thaet traditional barrierbetween utilities
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may prevent—the—peotentiafrustrate efforts to derider—a unique solutios to address both

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

potential toreduce groundwater levels, which make soil capattyabsorb rainfall increase

while creating a constant water suppl¥loodingwil—frequency shouldlecreaseas—a—result

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

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

However the parameters that define infiltrationleyads is site specific. The production
from a horizontal well is related to screen lengjhgin size of the sand, transmissivity of the
sand, head, open space in the screen and othersfaall of which are site specific. Hergany

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

pursuedio defineanswerthe productivity per foot of well screen. Ornibesethis 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 honttal well. This may take time to
demonstrate that the water used is direct raictgdture. Once demonstrated, the final task will
be to address the “groundwater under direct infleenf surface” water issue in the Safe
Drinking Water Act. This requirement places moreqtient monitoring on the utility as
compared with traditional groundwater sources. rAgpam must be designed for ongoing
testing to comply with the groundwater under theeci 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 dapand water supply needs while being

protective of both public health and property.
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Table 1 Tools to Protect Infrastructure from Seadl Rise Impacts

Solution

Benefits

Barriers

Increase stormwater drainage systereduce flooding faster

capacity through more pumping

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

Increase the number of pumpi

stations specifically installed to drajn

roadway right-of-ways

ngeduce flooding faster

nearshore water quality ictgd
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 constantly

increase capacity

Identify offsite stormwater retentig
areas to divert excess stormwater

nWater quality and
quantity benefit

will become inundated as sea lev
rises

el

Exfiltration trenches as a draina
solution

jeeduce flooding faster

will cease to work as grouaier
levels rise

Raise roadway elevations

reduce flooding

offsite impacts, right-of-way
acquisition

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

treliminates public sector
iteost

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

Reengineering canal systems, con
structures and pumping stations

roéduce 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

=3

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

=3

capacity
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509 Figure 2 Tides from October 1, 2012 to November2B13. Note the highest 3 day total is 2.0
510 ft. Normal low water table tide 3 day events dvewe 1 ft.
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513 Figure 3 Miami Beach golf course station. The Mii@8each 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. Groundwatljusted soil storage model
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Figure 5a - d — Vulnerable and potentially vulnéeadreas in the City of Miami Beach at present
and assuming 1, 2 and 3 ft Sea level rise scenasiog soil storage model at 99 percentile tides



