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Original Research Article
AN UNRESOLVABLE PARADIGM -
TOO MUCH WATER - LIMITED WATER SUPPLIES?
A SOUTH FLORIDA CONUNDRUM

ABSTRACT

In the future, the coastal and low lying areas of Florida will be flush with water due to sea level
rise and increased storm intensity, yet at the same time the area is often under water use restrictions due to

lack of rainfall, seasonal demands and decreasing water levels during the dry (tourist) season. Within
the same agencies, storm water utility managers are looking for a solution to dispose of excess
storm water that causes increased flooding frequency that residents complain about, while water
supply utility managers are looking for reliable water supply solutions that potentially limit
development and inconvenience the same residents. What we know is that rainfall patterns will
continue to change, southeast Florida will continue to be a desirable place to live and the
interconnectedness of water will require the traditional barriers between water, wastewater and

storm water to be torn down and replaced with a more integrated solution.

INTRODUCTION

Climate change is expected to cause more intense rainfall events, such as thunderstorms
and tropical cyclones (IPCC, 2007; Karl, et al, USCCSP, & NOAA, 2007), warmer temperatures
(IPCC, 2007; Singer, 2008) and increased sea levels due to increased rates of thermal expansion

and ice melt from glaciers (Bindoff et al., 2007; Domingues et al., 2008; Edwards, 2007;
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Gregory, 2008; Vermeer and Rahmstorf, 2009; Jevrejeva, Moore and Grinsted, 2010; Heimlich,
et al. 2009; Bloetscher, 2009,2010, 2011; IPCC, 2007, 2012; Church et al. 2011; Gregory et al.
2012). Gregory et al. (2012) noted the last two decades, the global rate of sea level rise (SLR)
has been larger than the 20th-century time-mean, and suggested further that the cause was
suggested that there may also be increasing contributions to global SLR from the effects of
groundwater depletion, reservoir impoundment and loss of storage capacity in surface waters due
to siltation. Every part of the world may be affected although each community needs to evaluate
which issues are of greatest concern to them. For example, in southeast Florida an increase in
sea level has been observed (Bloetscher, 2012), which is expected to have significant
consequences for coastal areas where the combination of sea level rise (SLR) and population
growth makes it essential to continue improving flood management strategies (Parkinson, 2010;
Zhang, et al. 2011, 2011a; NFIP, 2011; Schmidt, et al. 2011; Warner, et al. 2012). Various
researchers have already noted impacts on coastal and island environments (NFIP, 2011; Purvis
et al. 2008; Coombes et al. 2010; Zhang et al. 2011, 2011a; Parkinson 2010; Frazier et al. 2010;
Poulter and Halpin, 2008; OECD, 2008; Murley et al. 2008; Church et al. 2001; Nicholls 2004;
SFRCC, 2011; and Riggs, 2001). Concurrently, Florida is often water supply limited as
topography limits the ability to store excess precipitation for use during the anticipated extreme
dry periods. New ideas need to be employed.

The combination of rising seas and intense storms will overwhelm the current highly
engineered storm water drainage system of canals and control structures that have effectively
enabled management of water tables, reduced the potential for flooding of the low terrain and
controlled saltwater intrusion. The advent of sea level rise will present new challenges; however,

because the water table is currently maintained at the highest possible levels to counter saltwater
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intrusion and maximize water supplies (Bloetscher, 2008). However as the sea rises, it disrupts
the balance struck between flood risk and water supply availability. As a result there is a
potential to place important infrastructure we rely on every day at risk, yet there is a lack good
data to make decisions on what to do, when and with what priority. This is of particular concern
on coastal or island communities like those in southeast Florida. This paper will discuss an
initial approach applied to Miami Beach, a coastal island community of nearly 100,000 people.
The objectives of the research were to develop an accurate methodology for predicting impacts
of sea level rise at the local level by identifying how existing topographic, groundwater and tidal

data sources can be utilized to identify infrastructure vulnerable to sea level rise.

METHODOLOGY

A number of data sources are available to local officials to help initial screening of
vulnerability. The first means to assess what infrastructure is vulnerable to SLR requires
detailed topographic information. Topography is a key parameter that influences many of the
processes involved in coastal change, and thus, up-to-date, high-resolution, high-accuracy
elevation data are required to model the coastal environment. Previous approaches to modeling
inundation from simulated sea-level rise have been limited by coarse-resolution elevation
datasets (surveys), field spot elevations, and United States Geological Survey (USGS) maps) as
opposed to high resolution electronic imagery (Park et al. 1988; Moorhead and Brinson, 1995;
Titus and Richman 2001; Nicholls, 2004; Titus and Wang, 2008; Duke et al. 2003). However
communicating the importance of sea level rise to low lying local entities requires higher

resolution data (Marbaix and Nicholls, 2007; Poulter and Halpin, 2007; Small and Nicholls,
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2003). Low resolution Light Detection and Ranging (LiDAR) is available in many areas, but the
coarse vertical definition (+/- 2 feet) is not useful for coastal areas where inches matter. High-
resolution elevation data are needed for investigating the influence of topographic complexity on
landscape processes, including drainage canals and levees (Duke et al. 2003). The availability of
higher resolution LiDAR is among the factors that have led to an increased belief and trust in
using LiDAR as a means for assessing vulnerable infrastructure and property due to their high
horizontal resolution and vertical accuracy (Franklin, 2008; Stoker et al., 2007; Gesch; 2009;
NOAA, 2010, 2011). The increasing availability of high quality LiDAR in coastal areas allows
for improved assessments to be done over more areas and integrated into national datasets
(Gesch, 2007). The highest resolution LiDAR available is +/- 7 inches (0.2 m). Recent data is
often available in many vulnerable coastal areas coastal Florida (Romah, 2012, 2013, NOAA,
2010, 2011).

The use of LiDAR has the benefit of translating easily to geographic information systems
(GIS). The LiDAR data format use here was the American Standard Code for Information
Interchange (ASCII) which is easily handled by ArcGIS software. The ASCII format is
comprised of the raw LAS LiDAR data type format, translated into a geographically referenced
X, Y, Z global coordinate plane system (FDOT, 2012). Of the different topographical data
repository sources, NOAA offered the data natively in ASCII format. The dataset uses the
NAVD 1988 datum.

Topography identifies vulnerable land, but soil storage capacity is what really identifies
flooding potential. Where the soil can drain water, it will (although perviousness will delay soil
drainage). To identify areas with soil storage capacity issues, the groundwater levels need to be

determined (Romah, 2012). Bloetscher et al. (2013) noted that prior efforts used a variety of
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elevations for high tide results and assumed that the groundwater elevation would seek high tide.
However there may be a significant difference between mean high tide and the seasonal high
tides which produce the most flooding. To generate the groundwater layer, six existing well
locations were selected in Miami Beach to conduct continuous groundwater elevation monitoring
as shown in Figure 1. An attempt was made to select appropriate locations based upon the
proximity of wells to the coast, to each other, spatially and the hydrogeologic/hydrologic
characteristics of their locations. Data loggers that collect salinity and water depth were placed in
each of the monitoring stations in October 2012. Two rain gauges with an auto-tipping bucket
system were also installed. This data was collected for a period of thirteen months (October
through October 2013), and continues to be collected. The data was downloaded monthly. The
monitoring wells indicated that the groundwater levels at five of the six sites varied with the tides.
Figure 3 is typical of the wells, which shows that the groundwater table floats 0.1 to 0.3 ft above
the tide elevations.

The monitoring well data was used to develop the ground water surface elevation layer.
Various interpolation methods were considered to determine the surface. The resulting
interpolation that produces the best performance measures was the ordinary krigging, which was
then applied to the model as the groundwater surface elevation. A correction to groundwater
data had to be completed to convert hydraulic head values from NGVD 1929 to NAVD 1988, to
match the terrestrial elevation dataset. Two groundwater maps were developed as a result of
significant changes in groundwater levels throughout the year: mean high tide as the current
baseline, and peak seasonal water table (October after the wet season and corresponding to the

seasonal high water table).
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Next tide data was gathered. It was determined that the 95-100 percentile tides occurred
primarily in the October timeframe (by listing all tides in order of smallest to largest). Tallying
the tides for the 6 years in order, determined that the highest tides were nearly 2.3 feet. The
frequency of flooding is a level-of-service issue and goes to the acceptability of flood frequency
regardless of the source. Each community can define it differently, but the expectations of the
public must be kept in mind when defining the stormwater level of service. For Miami Beach,
the one can assume acceptability of flooding 50%, 10%, 5% or 1% of the days of the tear. The
mean condition results in a value of 0.795 ft (it should be noted that the initial planning level by
the City’s consultant used was 0.45 ft, and the prior City Engineer noted that asked the
consultants to raise the level to 0.67 ft). However if flooding was permitted in certain low lying
areas only 10% of the time, the planning level should be 1.2 ft. For 5% of 1% the levels should
be 1.39 and 1.72 ft respectively. A level of service for vulnerability was defined as the 99"
percentile - 4 flooding events per year (based on discussion with local officials). Since the tides
occur coincidentally with the high water table (1.72 ft, with 0.3 ft of free float, a 2 foot October
groundwater level/high, high tide data was krigged.

Overlaying the two maps identified the areas lacking capacity to drain the surface — low
elevation and high water tables. Drilldown efforts using 10 x 10 ft ArcGIS tiles were used to
identify “potentially vulnerable,” and thereafter “vulnerable” infrastructure which comports with
directives from the United States Army Corps of Engineers that any coast or near-coast projects
must include consideration of sea level rise. Based on identifying vulnerable areas, a toolbox of

solution can be offered and barriers can be identified.
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RESULTS

Mapping the City with LiDAR and topographic maps verified that the mapping could
identify flooding areas (red areas in Figure 4a). The yellow areas are caution areas (within 2 feet
of the high tide). The areas indicated in green represent land with elevations two feet above the
referenced tidal datum, which would be considered low risk under current tidal conditions.
Assuming the current high tide for planning purposes, where there is a 1% likelihood for there to
be flooding somewhere in the City on any given day

Figure 4b shows the areas that are red are the vulnerable areas with a 1 ft increase in
SLR. The yellow areas are caution areas (within 2 feet of the future high tide). There is a 36%
likelihood for there to be flooding somewhere in the City on any given day with one foot of sea
level rise. Figure 4c shows the areas that are red are the vulnerable areas with a 2 ft increase in
SLR. there is a 97% likelihood for there to be flooding somewhere in the City on any given day
with two foot of sea level rise. There is a 100% likelihood for there to be flooding somewhere in

the City on any given day with three foot of sea level rise (see Figure 4d).

Meeting the Stormwater Challenge

Having identified the vulnerable areas of the City, the next step was to investigate
potential options to remedy the situation. Pumping is an obvious answer but carries with it water
quality impacts in nearshore waters. Table 1 is a list of potential stormwater solutions and the
benefits and barriers. Transportation agencies and most municipalities rely heavily on

exfiltration trenches or French drains. Southeast Florida is no exception. These systems work
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because the perforated piping is located above the water table. They cease to function if they are
located below the water table. Exfiltration trenches could be replaced by stormwater gravity
wells or Class V injection wells. Stormwater gravity wells are a useful option where saltwater
underlies the surface.

Drainage wells along the southeast Florida coast can drain 1 MGD under certain
conditions. However as sea level rises, the potential differential may be altered since the
saltwater wedge may migrate inland as a result of surficial drainage efforts. Also, increased head
due to a water table rise will alter pump characteristics. Drainage wells require splitter boxes
and filters to remove solids, regular inspections to insure they are not plugged or backflowing
saltwater to the surface, maintenance to clean them, and permit compliance.

Class V injection wells may be useful as sea level rise progresses. A 24 inch Class V
injection well may have to be hundreds of feet deep and requires consideration of the
Underground Injection Control program under the Safe Drinking Water Act, something that is
not currently considered in most jurisdictions. Permitting and consistent monitoring of Class V
wells is required. As a result, the local entities will have to include ongoing stormwater efforts
for Class V well compliance.

For low lying areas, elevating roads may be an option. However, this option comes with
two significant issues: roadway elevations and impacts on adjacent properties. Local roadway
elevations will be limited by the adjacent buildings. All adjacent properties would need pumps to
remove their stormwater and prevent runoff from entering their property. In addition, sanitary
sewers, water mains and other utilities underlie these pavements and would need to be replaced.

Right-of-way abandonment is also an option but has severe consequences to adjacent properties.
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Wellpoint systems are a series of small diameter wells spaced regularly along excavations
of a project into the water table. Wellpoints are most commonly used in dewatering projects on
construction sites. Wellpoint water is usually turbid containing sand, other particles, and
contaminants from runoff. This form of dewatering requires a discharge zone, which will require
offsite property. Wellpoint pump stations need to be regularly spaced along the affected
roadway. As a result a series of pump stations might be needed for every mile of roadway since
typical dewatering systems. Since wellpoints do not function in flood conditions, additional
drainage measures must be taken to address wellpoint failure during heavy rainfall events.
Infiltration trenches is a similar solution, but with larger capacity.

There is commonality among most of these solutions — cost and impacts to water bodies
from water quality impacts of high nutrients and other materials. Solving the water quality

impacts might lead to a beneficial solution.

Meeting the Stormwater and Water Supply Challenge Concurrently?

The production and delivery of drinking water, protection from flood waters and the
treatment of wastewater are recognized as vital functions of society. The traditional utility
operation has separated clean water (drinking water) from dirty waste and stormwater for public
health simplicity. In most utilities, the crews and equipment are separate even if managed by the
same public works of utility entity. In most cases, little linkage has been established despite
efforts by various organizations to look at the total water. Some progress has been made in

replacing irrigation with potable water with treated wastewater effluent, but stormwater is



208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

generally outside the utility silo. Table 2 outlines the general strategies pursued by water supply
utilities to deal with demand limitations.

It falls on governments to develop long-term strategies to sustain long-term economic
viability and public health despite competing interests. The challenge in low lying areas with
increase rainfall intensity and sea level rise will be too much water, not too little. Where water
supplies are currently restricted, like much of the east coast, water supplies can become more
reliable and sustainable through a comprehensive approach to water planning which includes
using alternative water sources and planning future infrastructure needs with long-term trends in
mind. In keeping with these categories of protection and adaptation as defined by Deyle, et al
(2007), the question is whether infrastructure can serve multiple purposes. From a storm
water/water supply perspective, the authors believe the answer is yes. The balance between
water supply and flood protection will be adjusted by nature. Because of demands, the potential
for saltwater intrusion and the uncertainty of sea level rise, coastal wells will likely be threatened
further. Because the alternatives for new water supplies are limited (mostly saltwater sources), a
small utility can be confronted by significant costs to build new water treatment facilities.
However, many of those same communities will be dealing with increased flooding frequency
because groundwater levels have consumed the soil storage capacity. Securing reliable water
supplies for future generations and protecting land from flooding areas important in the face of
changes in climatic patterns. Storage is one solution, but demands will vary widely creating
difficulty in securing the “right” amount of storage. Most traditional pumping station solution
will face a similar challenge — finding enough storage. However one set of solutions may benefit

both water and stormwater managers — infiltration trenches.
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Most of these communities are familiar with exfiltration trenches for drainage purposes,
but as groundwater levels rise, these will cease to exfiltrate. But they will infiltrate. The use of
horizontal well technology to reduce groundwater levels along streets and in neighborhoods
would appear to be a solution to storm water that would appear to be a potential water supply
options. Horizontal wells are used in conjunction with riverbank filtration and on island
communities where water is limited. Horizontal wells have not been used in Florida because
vertical wells have always been so productive. Horizontal wells could spread the cone of
depression and minimize drawdowns to permit additional the skimming of fresh water just below
the surface where it can increase soil capacity the most. Since these systems will run 24/7, they
mimic water supplies.

Vertical well modeling and mathematics is related to the thickness, head and
transmissivity of the aquifer. The thickness is not relevant to a horizontal well and the head is
constant over the entire well screen. Horizontal wells must be screen, but can be much shallower
than vertical wells as a result. Larger contact with the aquifer is also provided with a horizontal
well. The horizontal well pulls equally surface, and as a result, the pumpage/capture can be
matched to the seepage rate. No preferential flow paths result.

The production form a horizontal well is related to screen length, grain size of the sand,
transmissivity of the sand, head, open space in the screen and other factors. A test program
would need to be pursued to answer the productivity per foot of well screen. Once these values
are known, the length of horizontal well is easily calculated and long-term development of
additional horizontal wells is easily accomplished.

A bigger challenge will be permitting of the horizontal well. This may take time, and effort to

demonstrate that the water used is direct rainfall capture. A final task will be to address the
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groundwater under direct influence of surface water issue that is likely to arise due to the shallow
nature of the horizontal well. A program must be designed for ongoing testing to comply with
the groundwater under the direct influence of surface water rules, and identify appropriate
treatment methods. But the use of infiltration trenches would seem to provide an opportunity to

address soil storage capacity and water supply needs while protective both public health and

property.

CONCLUSIONS

The hydrologic cycle is well understood in most areas, but it is currently changing. At
the same time rainfall intensity is changing, despite the fact that precipitation patterns vary
naturally from year to year, and over decades. There is strong evidence that global climate
change is having an impact upon the world’s water resources which may exacerbate current
trends. As a result, flooding from intense rains will increase with time, especially in urban areas
with altered surface conditions. Storm water utility managers are looking for a solution to deal
with increased flooding frequency that residents recognize. Water supply utility managers are
looking for reliable water supply solutions. The traditional barrier between utilities may prevent
the potential for a unique solution to address both issues — infiltration galleries as storm water
control tools. Infiltration galleries will reduce groundwater levels, which make soil capacity to
absorb rainfall increase. Flooding will decrease. The systems will run 24/7. This solution has
the potential to help many low lying areas and island communities extend the life of their
communities from flooding damage by reduce flood risks. At the same time they may capture

water to treat for water supplies.



276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326

REFERENCES

Bindoff, N.L., Willebrand, J., Artale, V., Cazenave, A., Gregory, J., Gulev, S., Hanawa, K., Le Que're’,
C., Levitus, S., Nojiri, Y., Shum, C.K., Talley, L.D., Unnikrishnan, A., 2007. Observations: oceanic
climate change and sea level. In: Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Avery,
K.B., Tignor, M., Miller, HL. (Eds.), Climate Change 2007: The Physical Science Basis.
Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, United Kingdom; New York, NY, USA.

Bloetscher, F., Meeroff, D.E.; Heimlich, B.N.; Brown, A.R.; Bayler, D.; and Loucraft, M. 2010.
Improving the Resilience of a Municipal Water Utility Against the Likely Impacts of Climate
Change: A Case Study: City of Pompano Beach, Florida Water Utility: City of Pompano Beach, FL
Journal ~American Water Works Association, 102:11. Pp 36-46, November 2010.
http://www.awwa.org/files/secure/index.cfm?FileID=186789,.

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

Bloetscher, F.; Romah, T.; Berry, L.; Hernandez Hammer, N. and Cahill, Maria Abadal. 2012.
Identification of Physical Transportation Infrastructure Vulnerable to Sea Level Rise, Journal of
Sustainability, Vol. 5, No. 12.

Bloetscher, F.; Meeroff, D.E.; Heimlich, B.N. 2009. Improving the Resilience of a Municipal Water
Utility against the Likely Impacts of Climate Change, A Case Study: City of Pompano Beach Water
Utility, Florida Atlantic University, November 20009.
http://www.ces.fau.edu/files/projects/climate _change/PompanoBeachWater CaseStudy.pdf.

Bloetscher, F. Berry, L, Jarice Rodriguez-Seda, Nicole Hernandez Hammer, Thomas Romah, Dusan
Jokovic and Barry Heimlich, 2013 Methodology for the Identification of Transportation Physical
Infrastructure Vulnerable to Sea Level Rise (SLR), Journal of Infrastructure Systems, Vol. 5, No 12
(2012)

Bloetscher, F. (2008), The Potential Impact of Climate Change on Groundwater Recharge, Groundwater
Protection Council Annual Forum Proceedings - Cincinnati, GWPC, Oklahoma City, OK

Church, J.A., Gregory, J.M. And Huybrechts, P. 2001, Changes in sea level. In Climate Change 2001:
The Scientific Basis, J.T. Houghton, Y. Ding, D.J. Griggs, M. Noguer, P. van der Linden and D.
Xiaosu (Eds), pp. 639-693 (Cambridge: Cambridge University Press, Contribution of Working Group
I to the Third Assessment Report of the Intergovernmental Panel on Climate Change).

Coombes, Emma G. and Jones, Andy P. 2010. Assessing the impact of climate change on visitor
behaviour and habitat use at the coast: A UK case study. Global Environmental Change 20 (2010)
303-313.

Deyle, R.E.; Bailey, K.C.; and Matheny, A. (2007), Adaptive Response Planning to Sea Level Rise in
Florida and Implications for Comprehensive and Public Facilities Planning, Florida State University,
Tallahassee, FL.

Domingues, C.M., Church, J.A., White, N.J., Gleckler, P.J.; Wijffels, S.E., Barker, P.M., Dunn, J.R,,
2008. Improved estimates of upper-ocean warming and multi- decadal sea-level rise. Nature 453
(7198), 1090-1093.

Duke, G.D., Kienzle, S.W., Johnson, D.L. and Byrne, J.M., 2003, Improving overland flow routing by
incorporating ancillary road data into digital elevation models. Journal of Spatial Hydrology, 3, pp.
1-27.

Edwards, R., 2007. Sea levels: resolution and uncertainty. Prog. Phys. Geogr. 31 (6), 621-632.

FDOT, 2012, BDK79 977-01 Development of a Methodology for the Assessment of Sea Level Rise
Impacts on Florida's Transportation Modes and Infrastructure, Summary [PDF - 470 KB], Final
Report [PDF - 13,326 KB] http://www.dot.state.fl.us/research-center/Completed Planning.shtm.




327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376

Franklin, Rod. 2008. “Lidar Advances and Challenges: A Report from the International Lidar Mapping
Forum.” Imaging Notes Magazine. Accessed September 2009 at
www.imagingnotes.com/go/article_free.php ?mp _id=129.

Frazier, T.G., Wood, N., Yarnal, B., Bauer, D.H., 2010. Influence of potential sea level rise on societal
vulnerability to hurricane storm-surge hazards, Sarasota County, Florida. Appl. Geogra. 30 (4), 490—
505.

Gesch D.B. (2009) Analysis of LiDAR elevation data for improved identification and delineation of
lands vulnerable to sea-level rise. J Coast Res 53:49-58. do0i:10.2112/S153-006.1.

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

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

Gregory, J., N. White, J. Church, M. Bierkens, J. Box, M. Van den Broeke, G. Cogley, X. Fettweis, E.
Hanna, P. Huybrechts, L. Konikow, P. Leclercq, B. Marzeion, J. Oerlemans, M. Tamisiea, Y. Wada,
L. Wake, and R. Van de Wal, 2012: Twentieth-century global-mean sea-level rise: is the whole
greater than the sum of the parts?. J. Climate. doi:10.1175/JCLI-D-12-00319.1, in press.

Hantush M.S. and Papadopulos, I.S., 1962. Flow of ground water to collector wells. J. Hydraul. Div.,
Proc. Am. Soc. Civ. Engrs HY 5, pp. 221-244.

Heimlich, B.N., Bloetscher, F., Meeroff, D.E., Murleym J. 2009. Southeast Florida's Resilient Water
Resources: Adaptation to Sea Level Rise and Other Impacts of Climate Change. Boca Raton(FL):
Florida Atlantic University: Center for Urban and Environmental Solutions, Department of Civil
Engineering, Environmental, and Geomatics Engineering.
http://www.ces.fau.edu/files/projects/climate change/SE Florida Resilient Water Resources.pdf.

Intergovernmental Panel on Climate Change - IPCC (2007) — Climate Change 2007: The Physical
Science Basis

Jevrejeva S., J.C. Moore, and A. Grinsted, 2010. How will sea level respond to changes in natural and
anthropogenic  forcings by 21007 Geophysical Research Letters, vol. 37, L07703,
DOI:10.1029/2010GL042947.

Karl, T.R.; R. Thomas, J.M. Melillo, T.C. Peterson (Eds.), Global Climate Change Impacts in the United
States, U.S. Global Change Research Program, Cambridge University Press, 2009, available online
at: http://www.globalchange.gov/publications/reports/scientific-assessments/us-impacts/full-report.

Kompani-Zare, M., Zhan, H., and Samani, N., Analytical study of capture zone to a horizontal well in a
confined aquifer, Journal of Hydrology, 307.

Marbaix, P. and Nicholls, R.J., 2007. Accurately determining the risks of rising sea level. Eos,
Transactions, American Geophysical Union, 88(43), 441-442.

Moorhead, K.K. and Brinson, M.M., 1995, Response of wetlands to rising sea level in the lower coastal
plain of North Carolina. Ecological Applications, 5, pp. 261-271.

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

NOAA (2007), Observing Climate Variability and Change
http://www.research.noaa.gov/climate/t observing.html, accessed 3/24/2007

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

Nicholls R.J. 2011. Planning for the impacts of sea level rise. Oceanography 24:144-157.
doi:10.5670/oceanog.2011.34

Nicholls, R.J., 2004, Coastal flooding and wetland loss in the 21st century: changes under the SRES
climate and socio-economic scenarios. Global Environmental Change, 14, pp. 69-86.

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




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
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

NOAA, 2012. Using Lidar  to Plan  for  Sea Level  Rise in Oregon
http://www.csc.noaa.gov/digitalcoast/stories/oregon-dikes.

Park, R.A., Trehan, M.S., Mausel, P.W. and Howe, R.C., 1988, The Effects of Sea Level Rise on U.S.
Coastal Wetlands (Indianapolis, IN: Holcomb Research Institute, Butler University).

Parkinson Randall W. 2010. Municipal adaptation to sea-level rise: City of Satellite Beach, July 30,
2010. R. W. Parkinson Consulting, Inc. Melbourne, Florida.

Poulter B. and Halpin, P. N. 2007. Raster modelling of coastal flooding from sea-level rise, International
Journal of Geographical Information Science, 22:2, 167-182.

Purvis, M.J., Bates, P.D., Hayes, C.M., 2008. A probabilistic methodology to estimate future coastal flood
risk due to sea level rise. Coastal Eng. 55 (12), 1062-1073.

Riggs, S.R. 2001. Shoreline Erosion in North Carolina’s Estuaries (Raleigh, NC: North Carolina Sea
Grant Program, North Carolina State University).

Romah, T. 2012. Advanced Methods in Sea Level Rise Vulnerability Assessment, Master Thesis, Florida
Atlantic University, Boca Raton, FL.

Romah, T., and Bloetscher, F. 2013 Tools For Assessing Sea Level Rise Vulnerability, Journal of Water
and Climate.

Schmidt, Keil A.; Hadley, Brian C. and Nishanthi Wijekoon. 2011. Vertical Accuracy and Use of
Topographic LIDAR Data in Coastal Marshes. Journal of Coastal Research 27 6A 116-132 West
Palm Beach, Florida November 2011.

Singer, F.E. 2008. Nature, not human activity, rules climate change, summary for policy makers, The
Nongovernmental International Panel on Climate Changes, The Heartland Institute, Chicago, IL,
2008.

Southeast Florida Regional Climate Change Compact (SFRCC) Inundation Mapping and Vulnerability
Assessment Work Group. (2011). Analysis of the Vulnerability of Southeast Florida to Sea Level
Rise.

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

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

Titus J.G., and J. Wang. 2008. Maps of Lands Close to Sea Level along the Middle Atlantic Coast of the
United States: An Elevation Data Set to Use While Waiting for LIDAR. Section 1.1 in: Background
Documents Supporting Climate Change Science Program Synthesis and Assessment Product 4.1, J.G.
Titus and E.M. Strange (eds.). EPA 430R07004. U.S. EPA, Washington, DC.
http://papers.risingsea.net/federal reports/Titus _and Strange EPA sectionl 1 Titus and Wang ma
y2008.pdf

Titus, J.G. and Richman, C., 2001, Maps of lands vulnerable to sea level rise: modeled elevations along
the US Atlantic and Gulf coasts. Climate Research, 18, pp. 205-228.

U.S. Climate Change Science Program (2008), “Synthesis and Assessment Product 4.3: The Effects of
Climate Change on Agriculture, Land Resources, Water Resources, and Biodiversity in the United
States” http://www.climatescience.gov/Library/sap/sap4-3/final-report/default.htm, accessed 8/8/08

Vermeer, M., and S. Rahmstorf, 2009. Global sea level linked to global temperature. PNAS, vol. 106, no.
51, pp. 21527-21532, http://www.pnas.org/content/106/51/21527.

Warner, Natalya N. and Tissot, Philippe E. 2012. Storm flooding sensitivity to sea level rise for Galveston
Bay, Texas . Ocean Engineering 44 (2012) 23-32.

Werner, A.D., & Simmons, C.T. (2009) Impact of Sea-Level Rise on Sea Water Intrusion in Coastal
Agquifers. Ground Water, March-April 197 — 204.

Zhan, H (1999), Analytical study of capture time to a horizontal well, Journal of Hydrology, 217 pp. 46—
54.




427
428
429
430
431
432
433
434
435
436

Zhan H. and V.A. Zlotnik, 2002. Groundwater flow to horizontal or slanted wells in unconfined aquifers,

Water Resour. Res. 38 (7), p. 1108.

Zhang K (2011) Analysis of non-linear inundation from sea-level rise using LiDAR data: a case study for
South Florida. Clim Change 106:537-565. doi:10.1007/s10584-010-9987-2.

Zhang K, Dittmar J, Ross M, Bergh C (2011a) Assessment of sea level rise impacts on human population
and real property in the Florida Keys. Clim Change 107:129-146. doi:10.1007/s10584-011-0080-2.

Table 1 Tools to Protect Infrastructure from Sea Level Rise Impacts

Solution

Benefits

Barriers

Increase stormwater drainage system
capacity through more pumping

reduce flooding faster

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

Increase the number of pumping
stations specifically installed to drain
roadway right-of-ways

reduce flooding faster

nearshore water quality impacts if
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 to
constantly increase capacity

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 retention
areas to divert excess stormwater

Water quality and
quantity benefit

will become inundated as sea level
rises

Exfiltration trenches as a drainage
solution

reduce flooding faster

will cease to work as groundwater
levels rise

Raise roadway elevations

reduce flooding

offsite impacts, right-of-way
acquisition

Abandon roadways too low and with
neighboring areas too low to elevate
without private property impacts

eliminates public sector
cost

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

Reengineering canal systems, control
structures and pumping stations

reduce flooding faster

cost, nearshore impacts

Install wellpoint dewatering
technology for permanent use

creates soil capacity for
drainage, reduces
flooding

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

Install infiltration
technology for permanent use

dewatering

creates soil capacity for
drainage, reduces
flooding

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

Table 2 Summary of Water Supply Benefits and Climate Change Benefits from various Tools in

Toolbox

Water Conservation

Lowers per capita use, stretched
current supplies

Reduces stress on vulnerable
water supplies

Protection of Existing Water
Sources

Protects water quality and
supply

Reduces stress on vulnerable
water supplies

Desalination New water source Replaces vulnerable water
supplies

Wastewater Reclamation Replaces use of fresh water for | Replaces vulnerable water
irrigation and industrial use supplies

Aquifer Recharge

Reduces raw water
requirements

Recycles existing water to
increase available fresh water

Agquifer Storage and Recovery

Storage mechanism for existing

Increased fresh water available
for countering impacts

Capture and Surface Storage of
Excess Runoff

Storage mechanism for existing

Increased fresh water available
for countering impacts

Regionalization of Alternative
Water Supplies

Shared risks of water supply
options; Economies of scale

Economies of scale for
wastewater and stormwater
recovery and reuse

Re-engineering Canal Systems

Controlling water tables and
protecting against
contamination

Flood control

Regional Solutions

Recycles existing sources

Adds water to vulnerable
sources
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444  Figure 1 Location of Monitoring wells.
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450  Figure 2 Tides from October 1, 2012 to April 30, 2013. Note the highest 3 day total is 2.0 fr.
451  Normal low water table tide 3 day events are above 1 ft.
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454  Figure 3 Miami Beach Police station. The Miami Beach Police station site shows that the

455  groundwater level basically matched the high tide, but fluctuated 0.5 ft downward as tides went
456  out.
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462  Figure 4a - d — Vulnerable Areas of Miami Beach under O, 1, 2 and 3 ft Sea level rise scenarios
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