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ABSTRACT

THE SUSTAINABILITY OF ATOLL ISLAND SFRESHWATER LENSES UNDER NON

STATIONARY CLIMATIC AND ANTHROPOGENIC STRESSES

Atolls consist of small low carbonate islands and fringing reefs that enctedlaw
seawater central lagooA.lens of fresh groundwater forms at shallow depths within the
subsurface of atoll islands, with thickness and volume of the lens dependent on island size
aquifer hydraulic conductivity, depth and frequency of recharge events, and theodépth t
solution conformity that separates the upper sand aquifer from an underlyingtimaguifer.
The freshwater supply on atoll islands is very fragile and is under continual thretat tthee
general small geographic size of the islands and from climatic and antenmpstyesses such as
changingainfall patterns, sekevel rise, wave ovewash events, and population growth.

In the Republic of Maldives, groundwater resources are a vulnerable freshviatal na
resource, and an accurate estimate of current and future quantity of avaasiwedfr is
necessary for efficient water management. Of major concern is the quantayeofto be
available in the coming decades under the influence of variable rainfall patit@ngssea level,
environmental conditions, and expected population growgtdepends on groundwater
resource

The objective of this dissertation is to evaluate the reliability of the freshaigipties
on the Maldivian atolls. A numericalodeling approacts used to estimate ttiew dynamics of
the freshwater lens and to detine the fluctuation of lerthickness and volume of islands of
the Maldives in response to lotgrm changes in rainfall, sea level riaad anthropogenic

stresses such as groundwater pumping, and srantimpacts from tsunarmducedmarine



overwad eventsSpecifically,this studyestimateshe quantity of fresh groundwater for
selected islands dhe Maldives under current and future climate and population str&ystsm
stresses (rainfall, sea level rise, pumping, and orsh) are analyzed separately and in
combination to quantify their respective influence on groundwater availaBitguch, the
vulnerability of each island’s groundwater resources to these stresses iBegliant

Future rainfall through 2050 extracted from general circulation models contributing to
the CMIP5 framework, with the effects of sea level rise, wave-wash events, and the
influence of a growing population (i.e. groundwater pumping) assessed within thés futur
context.Four islands have been selected for groundwater anétgdispan the geographic and
climatic regiors of the MaldivesN. Holhudhoo and N. Velidhoo in the Northern, climatic region
of the Republic of Maldives, and GDh. Thinadhoo and L. Gan in the wetter Southern climatic
region. Three dimensional numerical simulations were conducted using the USABgnode
code SEAWATto analyze thélow and salt transport dynamics of the aquifer systdodel
results areested aginstgroundwater status data from these four islands, as well as previous
numerical modeling efforts dedicated to the climate and geology Maldives.

The major goal of this study is to provide an overall analysis for the fresh gvaterd
resource®f selected atoll islands in the Republic of Maldives, and to provide water resource
managers with valuable data for consideration in water security measaggxaise alternatives
for water sector reform and help them to establish appropriate water mamagdansAs the
geologic structure of atoll island aquifers generally is similar acrasggehic regions, the
methods used in this dissertation can be applied to other atoll nations throughout tb@Récif

Indian Oceans.



Results indicate thgroundwater, in terms of freshwater lens volume, can contribute to
water resources planning for the Maldives in the coming decades, although grouoiwate
small islands is more vulnerable to climatic and environmental stresses. &slenses in
smallatoll islands (area < 0.6 Kjrare shown to have a strong variability trends in the upcoming
decades with expected reduction in lens volgeelevel risbetween 1136%. On the other
hand, freshwater lenses in larger atoll islands (area > 0ateshown to have less variability
to changing patterns with expected reduction in lensweldue to sea level rise betweeRA®%.
Resultscan provide water resource managers with valuable findings for consideratvater
security measure#t is shown thathere is a linear relation between average lens volumes
predicted by different RCP models and island area. Moreover, Results for posasivéans
recovery showed instant damage of freshwater lens in all islands. Etesheserves depleted to
critical levels in small islands especially in severe overwash events simulaticresnastes
inundated as high as one third of islands land area. Larger islands showedy alativer
recovery patterns, where percentages for the recovered freshwater lemses afars
following the storms were lower than percentages in smaller islands (up joN@kiated
emission climate change models showed that freshwater lenses may recowariguiokh
climatic regions studied, while other RCPs scenarios did net ahg variability in freshwater
lens recovery in comparison to historical averages. The effect of pumping caaged a |
freshwater lens recovery (betweed ™) especially in smaller islands under severe overwash
events scenario@verall, salinizations more widespread on small islands (< Pkrout
recovery is more rapid than for large islands. Between 50% and 90% of lens recovesy occur
after two years for small islands (< 1 Rmwhereas only 35% and 55% for large islands.

Imposing pumping rates rened to sustain the local population lengthened the recovery time



between 5% and 15%, with higher percentage for the smaller islands. Also, itlislednitom

3D simulations for the freshwater lens recovery thate is relation between the pre overwas
lens volume and the percentage at which the lens is recovered after 2 yearkigtimogl
recharge rates for recovery) is inversely proportional on a legaiithmic scale. The results of
this research can be used to estimate the sustainabilitg &eshwater lens in other atoll islands

aquifers as atoll islands aquifers share the same hydrogeological settings.
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CHAPTER 1. INTRODUCTION

In this chapter, the main research goals of the dissertation are pregenteerview of
the study area and a brief description of the modeling tool using to accomplish #rehrese

objectives also arpresented.

1.1 Research Scope and Problem Statement

Groundwater is an important water resource for communities residing on snadll ¢
islands, particularly during times of drought. However, this resource is underuaritireat of
depletion or contamination due to intense El Nifio-induced droughtsegtraction, surface
pollution and leaching, marine overwash due to storm-surge or tsunamis, amerforsga level
rise (SLR). Furthermore, communities on small islands are some of the mustble
worldwide in terms of freshwater scarcity and depletion of water resodues® small land
surface area, low elevations, geographic remoteness, and expected changesin climat
population, and land use (White et al., 2007; WaitdFalkland, 2010). In pé&cular, atoll
islands have consistently been identified as the natural systems mostratmskmate change
(Houghton, 1995Watson et a).1998;McCarthy 2001; Barnett and Adger, 2008)etermining
the impact of future climate change, such as changing rainfall patterns gridrionsea level
rise, on groundwater resources of atoll islands is vital for water resouroesgland
management and may indicate when these islands no larggkabitable. Parmt al.(2007)
predict that several island nations, including Tuvalu and the Republic of Maldivesequénger
abandonment during the 2tentury due to SLR.

Groundwater resources of atoll islands in the coming decades are strquegtyleiet on

rainfall patterns and SLR, as rainfall determines the amount of rechargeftesimwater lens



and island width and surface area control the thickness of the freshwaten ldimeate
scenarios provided by the Intergovernmental Panel on @i@laange (IPCC), significant
impacts are predicted for small islands in both the Pacific and Indian Q&=anget al., 2007,
Nicholls and Cazenave, 2010). Estimates of future rainfall are dependent orpbengggion,
ranging from-64% to -22% of cuent average A recent water balance study in the Pacific
Ocean basinde Freitas et al.; 2013) considering future rainfall and temperature tsgtima
highlight the sensitivity of island water resources to a changing climatgaRanodels indicate
thatthe Western Indian Ocean is particularly affected by future climate anigstimated
decrease of up to 30% in groundwater recharge (Doll, 2009). For atolls in the Indian dxtaa
sets of historical temperature and precipitation for five nations iWtmstern Indian Ocean
(Comoros, Madagascar, Maldives, Mauritius, &agchellesshows significant variations in
trends, including extreme droughts (Ragoonaden et al., 2006).

The effect of SLR on atoll island groundwater resources is expected to be as severe as
that of future rainfall (Ketabchi et al., 2014). As sea level rises, and depending onlbpach s
which typically ranges fror.5% to 2% (Tysban et al., 1998gawater will inundate
beachfronts leading to beach shorelieeessionalso termedlandsurface inundation” (LSI) in
island studies (Mahmoodzadeh et al., 2014; Morgan and Werner, 2014), which can be significant
even for a small rise of sea level. Shoreline recession can be significanbeaemfall rise in
sea level. For example, aririse in sea level will result in 80% loss of surface area of Majuro
Atoll, the capital island of the Marshall Islands in the western Pacific, dihe textreme low
topography (2-3 m) of the islands (Burns, 2000).

In particular, small islands are undarious threat due to a naturally thin leRalkland,

1991 Bricker and Hughes2007). Furthermore, the study performed by Storlazzi €2l



shows that the effect on low islands can be even more significant due to thetiotebetween
higherenergy waves and SLR, leading to more inundation than exp&sednt studies predict
that sea level will rise between 0.5 m and 1 m by the year 2100 (Raper and BrejtR0a;
Rahmstorf, 2007Rarryet al., 2007; Pfeffer et al., 2008; Dickinson, 2009), and studies considered
by the IPCC (Church et al., 2013) estimate a rise of approximately 0.4 m to 0.7 m bsutB&g0.
Combined with El Niflenduced severe droughts that can cause rapid depletion of fresh
groundwater for atolls (Peterson, 199¢hite et al., 2007; White and Falkland, 20I)eimpact
of SLR and the thinning of the lens poses serious threats to the inhabitalalioyl aflands in the
coming decades and centurib¥reover, due to the small surface area, and relatively diatib
slope, with maximum election of few meters above nssanlevel (Wheatcraft and Buddemeier,
1981),islands might be inundated by seawater either partially or completelyodorerwash
events can occur. Seawater flooding coastal area will percoladegth the higkhydraulic
conductivity soil profile causing salinization to the shallow groundwater. Afterwash events,
freshwater recharge will recover the damaged freshwater lens and rebuild kveafezsens
again. Depending on overwash events intensity, rainfall patterns, and other igeolog
characteristics, the time required for the freshwater lens to restoresitgpwash status is
determinedChui and Terry, 2012; Bailey and Jenson, 3013

In the Republic of Maldives, atoll islands aquifars important sourcder securing
freshwater supply for domestic and industrial uses. The fresh groundwater occurs in thefshap
a waterlens floating on the top of seater in the sulsurface. Several climatic and
anthropogenic stresses, such as végipkecipitation patterns, séavel rise rapidly growing
urban population for many of the islands, limited raitfalivesting capacity, and saltwater

intrusion contamination, storm surge events (Woodroffe, 2B@ithibaret et al, 2012), and



intensive pumping rates put the freshwater sources under serious threats. Thesarére
particularly severe for groundwater resources due to the small isldadesarea and low
elevation of each islan@ailey et al, 2015). In this research, the groundwagésources of atoll
islands’ aquifers in the Republic of Maldives is addressed to assess the busyanfidhe
freshwater lens as it is fragile and very dependent on various parafietierding: hydraulic
conductivity, recharge rates, and island getoy)eAn assessment of the sustainability
groundwater resources atoll islandsaquifersof the Republic Maldives is urgent to help water
managersn atoll islands nations analyzing future water security measuaes to appraise
alternatives for water sector reform and help them to establish appeopater management
plans. Methodology presented in this dissertation is applicable to any coral isod@of
islands. Results provide not only quantified results of impacts on groundwater, but also
important implications for longerm water resources management. Research findings can help

atoll island nationg analyzing future water security

1.2 Research Objectives

The overall objective of this dissertation is to quantify the general hydcalegponse of
atoll island aquifer systems in the Republic of Maldives to various climatic and anthnipoge
stresses. The assessment will be fulfilled by applying the public domagagdimensional,
variabledensity, transient groundwater flow numerical md&sIEAWAT (Langevin et al.2007),
to selectedslands of he Maldives for simulating salater intrusion and available fresh

groundwater volume. The following tasks will be carried out to accomplish thistiokje



1) Apply three dimensional groundwater flow and solute transport models fotesklec
islands in the Republic of Maldives tratecapable of simulating the available fresh
groundwater volume

2) Calibrate these models teproduce the actual observed fresh groundwater volumes that
have been measured in the field

3) Assesdheimpact of future climate scenarios (variable rainfall frGiobal Circulation
Models(GCMs), andsea level rise)

4) Assesghe impact of anthropogenic stresses (pumping, increase in population) within the
context of climate change (rainfadindsea level rise)

5) Assesdheimpact of marin@verwash events dhe freshwater len@vith and without
the effect of future climate change

6) Assess each island ability to meet future freshwater demand under envitahamel

anthropogenic stresses.

1.3 Research Importance

This research is seeking to contextualize its findings within atoll islands commuaitie
help in managing their available water resources effectively in cases of sexeghtdior in
case of catastrophic tsunaevients. Alsothis research seeks provide baseline for future
research in the field @roundwateengineering and water resources planning and management
to further understand the sustainability and fresh groundwater lens develap@@titislands

aquifers.



1.4 Study AreaOverview
1.4.1 Geography, Population, and Land Use

TheRepublic of Maldives lies southwest of India &l Lankain the Indian Ocean,
consisting of about 200 inhabited small coral atoll islands (out of approximately 2000 coral
islands) thatstretchfrom Ihavandhippolhu atoll in the North to the Addu atoll in the South.
Encompassing totalland area spread ov@0,000 km, the islands have a total population of
approximately 30,000 (Sobir et al., 2014). As a community on tropical islands, the Maldivians
are consideredmong he mosthreatenechatiors worldwide in terms of fresh groundwater lens
scarcity andeduction in water resources due to small land surface, low elevagnkgvel rise
everpresent anthropogenic stressayjpotential climatehange (Watsoat al, 1997; White
andFalkland, 2010). Figure 1A shows tleeationof the Republic of Maldives in the world,

while Figure 1B shows a zoom in map for the atolls and the location of capital, Male.
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Figurel: 1A Location of Republic of Maldives in tiworld, 1B a zoom in map for the Maldivian atolls showing theakion of
the capital city, Male
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According to the State of Environment report published by Maldivian Ministry of
Environment and Energy in 20{llatheefi et al, 2011) it is estimated thainly 300 kn? out
90,000 knd is thetotal actual land area of the Maldivekind useategories aret0% occupied
by agricultural cultivated land, 3% by forested land, 3% by pastures, and 84%ceylanisous
infrastructure and native vegetati(@aileyetal., 2014) Geographically, The Republic of
Maldives is composed of 26 atolls which vary enormously in size and shape with Huvadhu atoll
being the largest atoll and Thoddo atoll being the smallest atoll with landodi2880 kn? and

5.4 knt respectively (Latheefat al, 2011).

1.4.2Climate

The climate in the Maldives is describednsggm and tropicayear round, witlaverage
annualtemperature and average relatiuenidity of 28.0 Cand 80%respectivelyBaileyet al.
2014). The southern provirgef the Maldives receive highprecipitation withannual average
of approximately 2350 mm, while lower precipitation rates in tidorthernprovinces, with
annual average of approximatdly00 mmyr (Baileyet al, 2014). The precipitatiopattern is
seasonalith JanuaryApril beingthe dry season while the remaining months typiaabeive

evenly distributed amountsd rainfall (see Figure 2)
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Figure2 Average monthly rainfall for different regions in tRepublic of Maldives

1.4.3 Water Resources

The community irthe Maldivian atolls depends on a combination of rainwater harvesting
systems, desalinized seawater, and groundweatesctionfrom the freshwater lens to meet
freshwater demands for domestic and industisals. Surface water bodies such as streams and
lakes do not exist due to limited surface area and high permeability of stefaasitqUrish,
1974), consequently, sitanface groundater stoage in the form of fresh grouwdter lens is
the only way fomaturalwater storage. Aside from freshter resources, seawater desalination is
used typically in intensively populated islands such the cdga#d. National Maldivian ensus
of 2006 states that 35% tife Maldivian population havaccess to desalinated watehere
desalinated water is provided to households via piped distribution systems. Table 1 shows the

desalinated water volume the Malearea from 2004 to 200@atheefaet al, 2011).



Tablel Desalinated seawater volume in thousands metric tons in Mal&é@meaatheefa et al. (20)1

Location 2004 2005 2006 2007 2008 2009

Male 1667.7 1969.4 21474 24445  2880.6 3275
Villingilli - - 87.61 94.64 132.75  153.44
Hulhumale - - 63.95 63.95 79.81 138.17

In the outer atoll islands, where desalination technology iavatable, rainwater is
captured using individual household or communal rain water catchment systems adds use
the primary source of drinking water, while groundwater is pumped and is typisealtyfor
secondary purposes including bathing, washing, and toilet flushing. This patterreotisade
and water availability is similar to other atoll islands communities such@®&epublic of

Kiribati (White et al., 1999).

1.5 TheNumerical Model
1.5.1 Simulation Cod8election

For the sake of modeling and analyzing the available groundwater resoutvedaidivian
atolls,thethreedimensional, vaable-density, transient groumdater flownumerical model
(SEAWAT), which is developed by the United Stateso®gicalSurvey (USGS), is selected.
The selection odnappropriate salater intrusiormodel is an important and difficult stage in
the modeling process. Several factors should be considered by the modeltemaké the
model selection not an easy step. The model should be able to simulate and prediatiihe desi
hydrological targebased on mass balance principiich is in this research tlawailable fresh
groundwater volume, at the approprisgemporaland spatial scalesn this contextthe

SEAWAT model was selected for several reasons:



1) It can simulate the saltwater intrusion problem by coupling the USGS ground flow mode

(MODFLOW) and the solute transppomulti-species model (MT3DMS)

2) It can simulate saltater intrusion problem based on transition zone approach, rather than

sharp interface approach, where seawateigamghndwatetransition area is represented
by a transition zone where water fluid densitghsnging gradually rather tha
representing the transition zone as two fluids separated by too narrow zone

3) Itis a public domairode,and has been applied and tested on many applications of

saltvater intrusion problems.

1.5.2 Graphical User Interfaces

There are many commercial, and raommercial graphical interfaces programs to
SEAWAT. These programs facilitate the input of data for creating SEAWpuLt files. In
addition to that, they aid in visualizing results and preparing color coded mapsesuhis In
this modeling study, Groundwater Vistas (RumbaagtitRumbaugh, 2011} utilized for the
sake of preparing inputs files for runnitige SEAWAT code Groundwater Vistas is a windows
platform graphical user interface developed by Environmemall&tions Incorporated. Model
Viewer, a computeprogram for thre@limensional visualization of groumcater model results
developed by the USGS, is utilized for the sake of reading and visualizing owgpattér
runninga SEAWAT simulation The SEAWATmodeling code (in FORTRAN) was modified to
output salt concentrations for each cell and for each layer for specified ontpsiiatawere
processed to calculate lens thickness for each column of grid cells and the toted wbl

freshwater in the aquifes recorded
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1.6 Available Data

Previous groundwater investigations were undertheBangladesh Ltd. Consultation
Company (Tony Falkland on behalf of Bangladesh Consultants 2010a; 2010b; 2010c; 2010d) to
collect data regarding observed groundwater conditestgnating hydraulic conductivity via
field testsandcollectinghistorical daily rainfall data. Other data regardsag level rise rates
and data required for accurate groundwater analyeiscollected from published literatu(see
Table 5). These data are requifedthe sake of modeling the fresh groundwées as they
give estimats for model inputs such; recharge rates or assidnidcaulic parameteige
hydraulic conductivity which will leatb accuratessessments &fesh groundater lens
sustainabilityfor the islands of the Republic bfaldives.

Data regarding the observed freshwater lens thickness of atoll islands anatedsoc
groundwater volumes the Maldives have been collecteg the consulting company and
analyzed using geophysical surveys utilizing Geonics EM34-3 electrontaipakeiction (EM)
equipment These data were extracted frtimereportsof (Falkland, 2000Falkland 2001), and
Bangladesh Consultants groundwater investigation repiots/(Falkland2010a; b; c; d), and
wereemployed to calibrate the safater intrusion modeld-he Geonics EM34-3 equipment is
composed of a transmitter with a transmitter coil connected to it, and a recgivectad to a
receiver coil. Operators hold the two coils which linked with a cable. Theareilspaced apart
by a distinct distance of 10m, 20m, or 40m (inter-coil spacing). The coils can be ptheed ei
vertically or horizontally. When switched on, the transmitter sends via the ftersroils an
alternating current which generates a primary magnetic field. The primaryetafield induce
small electrical currents in the ground which eventually induces a seconagngtic field. This

secondary magnetic field is dependent on: coils spacing, operating frequehtlye ground
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conductivity. The receivers senses both magnetic field vieettever coil and a reading for
apparent ground conductivity is recorded (EM conductivity) according to the rdhie of
secondary to the primary magnetic fields.

The groundwater lens volunieestimated from EM conductivities reading by using
empirical guations. Several EM readings are conducted in multiple locations in each island
using different coils spacing and a single groundwater lens volume is averagadtosland.

The depth of contact between the upper Holocene aquifer and the lower Pheistquéer
(Thurber Discontinuity) was observed by the field done in multiple islands iRepablic of
Maldives by (Falkland 2000; Falkland 200gny Falkland2010a; 2010b; 2010c; 2010dt is
estimated that the depth of contacted in the Maldivian atoll islands is rangirepbet@-15
meters. For the study islands, the lens base will have a shallow (i.e. lenslbbseimiays in

the upper Holocene aquifer, and will not be significantly affected by the Thurdsorlinuity
location. Borehole logginopdicates that the hydraulic conductivity in the Maldivian atoll islands
range between-50 m/day (Falkland 2000; Falkland 2001).

Daily precipitationdata were collected fromRMM (Tropical Rainfall Measuring
Mission)open access database webisitebular form for the geographic region of the Maldives.
Two geographic regionaretargeted: the geographic region between the latitude¥Naio510?

N, and the region betweefi &nd 3N, with each region between the longitudes JE7dnd

74°E. Precipitéion data were employed to calculate regediorcing to the SEAWAT models.
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1.7 Dissertation Organization

The remainder of thidissertation i®rganized as follows:

The second chapter gives a brief overview and exploration of the literagameingatoll

islands hydrology and previous efforts in modeling saltwater intrusiatolhislands

aquifers

e The third chapter, demonstrates the development of SEAWAT models for the four
selected islands in the Republic of Maldives, and the calibration procedure usedio mat
observedand simulatedresh groundwater volumes

e The fourth chapter presents methods and simulations results for fresh grounelgater
volume under futurgariable rainfall

e The fifth chapter, presents methods and simulations results for fresh groundwsite
volume undeprojected sea level rise rates

e The sixth chapter, presaninethods and simulations results for fresh groundwater lens
volume under potential overwash and storm surges events

e The seventh chapter, presgamh analysis of thenpact of anthropogenic stresses
(pumping, increase in population) within the context of climate change (raiefllegel
rise, and overwash eventsand provide estimates for future available freshwater
quartities for domestic consumption

e The eighth chpter, presents a summary of the major findings and conclusions of this

dissertation andiscussepotential future research challenges and requirements.
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CHAPTER 2. ATOLL ISLANDS HYDROLOGY AND MODELING

In this chapter, a brief overview and exploratadrihe literature regarding atoll islands
hydrology and previous efforts in modeling saltwater intrusicatafi islandsaquifersare

presented.

2.1 Atoll Islands Formation

Atoll islands have long been an interesting field of research to scholavaoéty of
research fields due to their extreme geographic isolation, vegetation, uniqueasiébgadiogic
structure, and fragile groundwater resources. Typically, atolls consstaif low carbonate
islands (islets) and fringingpefs that varyn size enclosing a shallow seawater central lagoon
(Petreson1991) The size of the carbonate reef platform determines the width of these small
islets and their elevation, which is not more than 3 meters above mean sdafidvating
rainfall forms a bodwf fresh groundwater termed a “freshwater lens” that floats atop seawater
within the aquifer sediments. The amount and the size of this freshwater letteragly/s
dependent on the amount of rainfall and the surface area of the island. Typicadlyidiarmgs of
widths greater than 500 meters are inhabited by humans as they are adequatahgee for
fresh groundwater lens development (Spennemann, 2006).

The enclosed central seawater lagoon size is variable in andtdepth; however, most
of the lagoons have interior enclosed area of less than 100)@vikmsmall islets scattered
around the perimeter of the lagoon. Atolls often are grouped in a large geographic rebion, wi
several nations composed solely of atoll islands. The Republic of Maldives, the Beptid
Marshall Islands, and the Federated States of Micronesia are examples of riwarsywiabse

populations inhabit exclusively or almost exclusively atoll islands.
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Charles Darwin was thigst scientistwho proposedatheoryregarding atoll islansl
developmentHis theorywaspublished in 1842entitled “The structure and distribution of coral
reef’” (Darwin, 1842)Darwin hypothesizedhat atolls are situated above carbonate platforms
built above subsidedblcanic edifices. These carbonate reef platforms were erodedeartlye
Holocene era as sea lewlbsided. The sea level subsiding promotes the deposition of sand and
other fine sediments as suitable environment was found (Darwin, 1842). Consequently, the
subsurface lithology of atolls consists of Holocene depdsitsiéd theHolocene aquifer)
resting on top of older Pleistocene limestone foundatoyming whatgenerallyis calledthe
“Dual Aquifer System’of atoll islandgDickinson, 2004; Presley, 200Bickinson, 2009). Most
of the sediments in the upper Holocene layergravels and unconsolidated sand. In his paper,
Spennemann (200@pints out that this dual aquifer geological setting allows fresarglwater
zone to develop beneath atoll islands in the shape of floating fresh lens over sdaguate 3
shows the geological setting of atoll islands aquifers based on “Dual A§ygeem’

The island position relativi® dominant wind blowing direction has a strong effect on
Holocene aquifer deposits hydraulic conductivity (Anthony, 200darseisediments are
disposed in the wind bearing islands (Windward Islaads) result of thelowing winds high
energy.Also, Windward Islands are exposed to stronger waves which will tend to washeout fi
sediments and this widventuallylead to removal of fine sediments. On the other side, and
unlike the Windward Islands, Leeward Islands tend to have finer sediments, andrgebala
size than Windwardklandsas they are partially protected from erosional farfcprevailing
winds and wave@Baileyet al, 2010). Numerical simulations for fresh groundwater lens volume
on atoll islands of Federated States of Micronesia conductBdiley et al.(2009)estimated

hydraulic conductivity values of Leeward and Windward islands to be 50 and 400 m/day

15



respectively. It isvorth mentioning in this context that variability of blowing winds energy and
patterns on atolls, will result in variability in the range of hydraulic conductwadues.
Moreover, numerical simulations results conducte@aiey et al.(2009)reveale that lower
hydraulic conductivity values will promote the development of thicker fresh grouedigases.

Figure 4illustrates Windward and Leeward Islands relative to the direction of preyaiinds.

Precipitation

T Island surface

Net recharge

Unsaturated zone

O Lagoon

Freshwater Lens

Holocene aquifer

Figure3 Smplified schematic diagram for the geological structure of atoll islands agjbidéesied on "Dual Aquifer Systém
vertical scale is highly exaggerated
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Figure4 Schematic diagram illustrating thecation of Windward and Leeward Islan@dativeto the prevailing wind direction

2.2Integrated Freshwater ManagementNeedin Atolls Islands Communities

Due to the lack of surface water bodies, atoll islands people depend on rainwatgtirgarve

and extractinggroundwatefrom subsurface frestaterstorage. Mainly, atoll islands

communities consume water for domestic usesaéreshgroundwatetenses fragile nature.

However, water drawn from groumglrarely used for agricultural or rising livestock. A paper

publishedoy White et al.(2007)concludeghat the main managemestiallenges facing fresh

water supply in oral islands are the following:

Limited freslwater resources

Lack of peopl&s knowledge in managing theirater resources
Conflicting interests betweestakeholders

Deteriorating water resources due to anthropogenic stresses

Limited surface area and isolated geography

17



As listed above, we can conclutth@t water scarcity problems in such developing communities
in Atoll Islands Nations could be resolvedtjby managing the available resources effectively
by encouraging collective actions between conflicting parties anditeppeople how important
their available water resources are.

Using inappropriate methods in groundwater extraction and over pumpigeat
serious threats and could salinize groundwatetaltsgWhite et al., 2007). Moreover,
groundwater could be contaminated with biological and chemical pollutants causeadrage,
pigs, crop production, spillage of petroleum products, and seepage from wastg\dimig et
al., 2007).Sanitation systems and lack of effective management of human wagit islands
communities can threatgmoundwateresourceslsa In manylow density islands communities,
defecation on the beach is practiced, while in higher density populated islandsingis late
used. Sanitation systems impropge selection can introduce faecal contaminants to
groundwaterAlso, people are consuming up to 40% of their water supply for flushing toilets
(Falkland, 2000). Lack of maintenance and cultural barriers can also contributaridwgater
contaminationCrennarandBerry (2002)statedthat Majuro in the Marshalls and South Tarawa
in Kiribati hadleaked saltwater sewerage while elsewhere composting toilets ar€Cuttedal
barriers are preventing community from adapting the upgrsaleithtionsystem.

As discussed above, adverse goas contribute to reducing and contaminating available
freshgroundwateresources in atl islands communities. To mitigate the effects of these
practices impact on expeditjrthe reduction available fresater volumesintegrated water

resource management practices should be implemented
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2.3 Environmental Threats on Freshwater Resources on Atolls
2.3.1Climate Variability andSevereDroughts

Drought events and climate variability are significant threatsatifiectfreshwater
availability inatoll islands. A study byragoonaden et al. (200éijscussed the climate change
effects on the current status dnture expectations on freshwater resources on atolls in the
Indian Ocean. Téy analyzed shordataset of temperature, precipitation, and sea level rise
measurement®r five nations in the Western Indian oceans (including Republic of Maldives).
is concluded that data sets have shown meaningful variattoends on the annual scale.
Extreme droughts &re noticed in the dataausing complete depletion of groundwater storage
and therebylacingtheatoll islands nations under serious threats.

Another study conductdaly White et al.(1999), showed thatalls in the Pacific Ocean
are exposed to severe droughts affected bkiNifio Southern Oscillatio(ENSO) events,
where variationn sea surface temperature is highly correlated to the amount of raiddliced
rainfall amountswill eventually leadd drastic reduction in recharge to the subsurface
groundwater storage. Another study®stersor(1990) points out that if drougktentdasted
over prolonged periods, the subsurface groundwater storage is greatly retiitee \wlume of
extractable freshwater is seriously exhausiading drought periods, atoll islands communities

may have tdook for alternative water resources to remedy the drought situation.

2.3.2 Sea Level Rise
The position of mean sea level also afféshwater lens thickness and available
extractable water. As sea level rises, and depending on beach slope, seawatandsile

beachfronts leading to beach shorelieeessionConsequently, total larglirface area and cress
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section width will be decreased. The available figrelundwater volume is dependent on island
width, and hence, as islandigdth decreases due to sea level rise, available fpesindwater
volume will be reduced. Depending on the beach slope, shorelines recessidresigtificant.
Beach slopes range from @5gentle slope) to 2% (steep slope). According tgeneral rule of
thumb of estimating shoreline recession for sandy beaches on average slope is1@0:1 (
shoreline recession of 100 m for every 1 m rise ineea) (Tsyban et al, 1990).

Global sea level rise rates during the twentieth century was repori2ougyas(1997)to
be 1.8 mm/yrwith accelerated rates of 4 mm/yr. during the first decade dfifheentury
impacted by the large scale of climate chafiRgckleyet al, 2007). Other studigwredict that
sea level will rise between 0.5 m and 1 m by the year gR@per andraithwaite, 2006
Rahmstorf, 200;//Meier et al., 200;7Pfeffer et al. 2008 Dickinson, 2009). Considering various
rates of sea level rise, seater may inundate up to 200 m of beach fronts (considering a beach
slope of 0.86 and sea level increase of 1 m by 2100)

Regarding the study area in the Republic of Maldives, sea lev@reédetions are
variable.While conservative forecasts predict sea level to rise at a rate of 1.0 mm/yr (€hurch
al., 2006)aggressive forecasts expect that sea level is rising at higher rates of 6r5 mm/y
(Woodworth et al., 2002). A paper publishedMigholls andCazenaveZ010) points out that
the Indian Ocean small atoll islands are among communities vulnerable td foadiag by

future relative, or climate induced sea level rise.

2.3.3Marine Overwaslevents
Marine overwash events are considered among destructive threats to fresbsateres

in atollislands communities. As they may occur suddemlgrwash events aneduced by
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various causes such: asunamis, storm surge, rogue waves, and the combination of
simultaneous multiple climatic factors such as strong wave setup from streadipgewinds,
extreme local high tide, and high regional sea |@i#lite et al., 200;7Bricker andHughes,
2007 Yamano et al., 20Q0TerryandFalkland, 2010)Overwash eventsould significantly alter
the amount of stored fresh groundwater in atoll aquifers.

Because of the small land area of atolls andliging elevations above mean sea level
(White andFalkland, 2010Wheatcraft andBuddemeier, 1981 atoll island could bepartially or
completely inundated with sea water during overhmagents. The seaater inundation will
salinizethe freshgroundwatetens as seawater percolates through shallovhagidy conductive
soil profile. Depending on the overwash event intensity, frequency, and shallowotel pr
characteristics, recovery time of the freggbundwatetens will varybetween few months to 1-2

years(ChuiandTerry, 2012 BaileyandJenson, 2013).

2.4 Atoll Islands Hydrological Modeling

To assist water managers and officials in small atoll islands communities in making
appropriate management decisions, and to further understanddteshesources dynamics and
sustainability, several efforts have been condubtecsearchearto quantify atoll islands
groundwateresources analytically, empiricallgnd numerically. In the following sub sections,

an exploration of these efforts is demonstrated.

2.4.1 Analytical and Empirical Models
Following the Dupuit assumption of horizontal groundwétex in unconfined aquifers,

several scholars have analytically approximated the freshwater/seawatecéntigcédion in
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coastal aquifers (HenryL964 Fetter 1972 CollinsandGelbar, 1971ShamirandDagan, 1971
Chapman, 1985). Among these efforts, the paper publishEdtter(1972) is noteworthy
within this research. Fetter developed two analytical modeksrfarlating position oflie saline
water interface beneath infinite strip oceanic island receiving constant anioecharge at any
distance from the shoreline, abeneattcircular oceanic islands receiving constant amount of

recharge at any radial distance from the centdnefgiand.

For an infinite strip island:

o w[ & —(a- %°]

K(1+G) @D

Where:

his the fresh water level elevation above seawater/fresh water sharp interface (L)

w is constant fresh water recharge rate (L/T)

ais half of island width (L)

x is the distance from the shoreline in landward direction (L)

K is the hydraulic conductivity of island’s sediments (L/T)

G is a dimensionless factor equal to 40
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For circular islands:

e - MR - 1)
2K (1+G)

(2.2)
Where:

Ris the radius of the island (L)

r is the radial distance from the center of the island (L)

Equations (2.1), and (2.2)erederived by Fetter bgombining theGhybenHerzberg principle
which assumes a sharp interface between fresh and gedimedwater, and Dupuit assumption
to solve the followingsteadystateversion of the groundwater flow equation subject to islands

geometry boundary conditions for both infinite strip islands, and circular islands:

o*h o0*h 2w
+ =
ox* oy K@+ G)

(2.3)

Though Fetter’s analigal modes generally producegalid results, the embedded Dupuit
assumptiorcan beinvalid due to significant upward flow componamtatoll islands aquifers
Moreover, the Ghyben-Herzberg principle assumes a sharp transition betwsbesmfilesaline
wateracross which there is assumed to be no flow (Hubbert,, 181fyy, 1964 Glover, 1964
Bearand Dagan, 1964RumerandShiau, 1968)whilein reality, thetransition between the fresh
and saline water is not sharp, but rather a broad transition zone of brackish watew@ddder
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1990).Recently, A two dimensional algebraic empiricaddel was developed Bailey et
al.(2008) to approximate the thickness of fresh groundvensedeneath atoll islands as a
function of width of various cross-sections. The model was later extended to nnatiestiof
freshgroundwater volume by estimating the freshwater lens thickne$eaentcrosssections
across the island surface and interpolating betweecrdlsssectiongBailey et al, 2014).The

model, however, does not simulate changes in lens thickness or lens volume through time.

2.4.2 Numerical Models

Numerical modelingffortsfor atoll islands groundwater hydrologgganin the
seventies of the last centumyth the work of Lam in 1974 by assumingrhogenous, and
isotropic aquifemwith uniformly horizontal flow. Thesearly effors werethen extended with the
work of Lloyd et al, (1980);andFalkland (1983)BuddemeieandHolladay(1977)were the
first researchermodellingthe dual aquifer system, where relatively low permeability layer from
the Holocene age overlying an extremely heghductivity karstic limestone layer from the
Pleistocene age.

Herman and Wheatcraft984) studied the factors affecting groundwater flow within
atoll island aquifersising two dimensional finite element model FEMWATBjRcomparing
simulation results with field data Bnjebi Island, Enewetadtoll in the Marshalldslands
(Herman andVheatcraft, 1984). Other scholasployedthefinite element basedomputer
model, SUTRA (&turatedUnsaturated ransport)(VossandProvost, 2010)o investigate
strategies for freshwater lens management in Laura Island in the RegfuMbarshalls Griggs
and Petersqril993. They calibrated their model with observed salinity data and used the

calibrated modalto investigatéreshwater lens dynamicenderwood (1990) developed
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conceptual and numerical models to characterize hypothetical atoll islairdgéglogy
(Underwood, 1990). Two years later, Underwood’s research was extended to invdstigat
contribution of the factors which affect the groundwater movement and theitrazsine
mixing (Underwood et al., 1992). They applied two dimensional SUTRA model on a
hypothetical atoll island groundwater systévioreover, many othescholarautilized computer
modelsto simulate groundwater lens dynamics in atoll islaiittgyan, 1988¢(riggsand
Peterson, 1993Bailey et al., 2009; Bailey et al., 2014).

The evolution of three dimensional computer packages to simulate solute transport in
groundwater systems began in the late 1980s (e.g. HST3D model by Kipp (1987), and
SALTFLOW model by Molson and Frind (1994Researcherbave employed three
dimensional groundwater models to simulate fresh gneatetlens dynamics ismall atoll
islands aquifers (e.g. Ghassemi et al., 1998; Lee, 2088feCet al.2014).The sustainable yield
of asmall coral islandocated in the Indian Ocean named Home Islaad examined by
scholargGhassemi et al., 1998)heyemployed SALTFLOW model to estimate the acceptable
water extraction rate that hae short term impacts on groundwater during average or better than
averageaecharge conditions (Ghassemi et al., 1998). However, the researchers did retecalibr
their modéin a transientnode and did not account for future rainfall variability while
estimating recharge ratesnother paper published lee (2003) utilized TOUGHZ2, which is a
general purpose numerical simulator for mphase fluid and heat flow in fractured porous
media, to investigate relations among lens responses, aquifer paranmetérsy@dary
conditions for a generalized, rather than site specific, shallow atoll i$kihelr researchers
(Comteet al, 2014) simulated groundwater salinity evolution of a lging coral island in the

Western Indian Ocean named Grande Glorieuse &#JVAT model.They focusedon land
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vegetation foiGrande Glorieusehichis intensivelycovered by coconut palm treésnyan

trees, casuarina trees, and soldierbwebs. Thestudy concluded that plantation in the study area
contributes significantly to freshwater uptake from shallow groundwater Tére paper
concludedhat the increase in groundwater salinity is especially due freshwaddeupy
vegetationUntil now, no tmeedimensional modeling study has been condutiadvestigate

fresh groundwater lens dynamics for small atoll islands in such a waythptises multiple
environmental and anthropogenic stresses to provide comparisonsrop#uts of threats
associated with environmental or anthropogenic stress as discussed in Secfi@ab23.

summarizes the previous work done in numerical modeling of atoll istandfers.

Table2 Previous efforts summary in numerical modeling of atoll islafd3 = finite difference model; FE = finite element

model
Reference Island Model type Dim Dual Transient  Anisotropic
aquifer flow K
Lam (1974) Swains Island FD 2D
Lloyd et al. (1980) Buota, Tarawa FD 2D X
Falkland (1983) Christmas Island FD 2D X
Herman and Enjebi, Enewetak FE- 2D X X
Wheatcraft (1984) FEMWATER
Hogan (1988) Enjebi, Enewetak FE-SUTRA 2D X X
Underwood (1990), Hypothetical FE-SUTRA 2D X X
and Underwood et
al. (1992)
Griggs and Peterson Laura, Majuro FE-SUTRA 2D X X
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(1993)

Bailey et al. (2009)  Selected islands in  FE-SUTRA 2D X X X

the Republic of

Micronesia
Chui and Terry Hypothetical FE-SUTRA 2D X X X
(2013)
Bailey et al. (2014) Selected islands in  FE-SUTRA 2D X X X
the Republic of
Maldives
Ghassemi et al. Home Island in the FE- 3D X X X
(1998) Cocos Islands SALTFLOW
Lee (2003) Hypothetical FE-TOUGH2 3D X X X
Comte et al. (2014) Grande Glorieuse FD-SEAWAT 3D X X X

in the Indian Ocean

2.4.3SEWATAssumptions and Governing Equations

As SEAWAT is the modeling code ustxsimulate densitgdependent groundwater flow
in this dissertation, its methodologymodel setup and numerical solution of the flow and
transport based amass balance equations are explained in dettiissection SEAWAT isa
finite difference program which simulate three dimensional, variable detraigient
groundwater flow in porous medjaangevinet al, 2007). The program couples two modeling
codes into a single program to simulate density dependent groundwater faturiated media.

The first is MODFLOW?2000 which simulate groundwater flow in saturated porous media, a
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the second is MT3DMS which simulates mugltiecies solute trapsrt in saturated porous
media.SEAWAT was tested with five popular benchmark problémsxamine its validity.
SEAWAT contains common assumptionkich arewell established in the field of hydrological
modeling of groundwater flow and solute transport as follows:

e The flow is assumed to laminar (Darcy’s equation is valid)

e The standard expression for specific storage in a confined aquifer is applicable

e The diffusive approach to dispersive approach based on Fick’s law can be applied

(dispersion can be modeled aBiekian process)and isothermal conditions prevalil

e The porous media is assumé&albe fully saturated with water

A single,fully miscible liquid phase of very small compressibility.
The flow equation in MODFLOW2000 has been modified to solve the variable density flow of

water in saturated media as follows:

oh - oh - 0 -
O i (O pmpez o) (N pmp 0z o) (N ppy 0Z
ox “\ Oa p Oa op v\ op p Op oy "\ oy p Oy

oh,  9p oC
=pS . —+0.—.—— 24

where
a,f,y are the orthogonal coordinate axes, aligned with prinicipal directions fmlitge

h; is the freshwater equivalent head (L)
K, is freshwater hydraulic conductivty [y

p, is the freshwaterahsity (M/L)
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C is solute concentration (ML )

S, is the specific storage in terms of freshwater head (1/L)

g, is the volumetric flow rate per unit volume of aquifer representing sources an@1sinj
p is the densy of g, (M/L°)

6 is the effective porosity

Z is the elevation above datum (L)

t is time (T)

Equation (2.4) is solved by MODFLOW?2000 for the velocity field. The respitelocitiesare

used to solve for concentration in the following transport equafdi T3DMS:

%:V-(DVC)—V-(T/C)—%.Q+ZN: R (2:5)

where

D is the hydrodynamic dispersion coeféint (1> /T)

v is the fluid velocity (L/T)

C. is the solute concentration of watetesing from sources os sinks (M/L )

R (k=1,...,N) is the rate of solugoduction or decay in reactitn Nf feifent reactions (MAL /T

After solving equations (2.4) and (2.5), the density in each grid cell is updatetbas fol

29



p=p;+EC  (2.6)
where
E is dimensionless number approximately equals 0.

The updated density calculated in equation (2.6) is used by MODFLOW2000 in the next time
step. SEAWAT solves the partial differential equations using finfterdnces scheme.

SEAWAT manual contains further exploitations regarding numerical solution presedur
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CHAPTER 3. FRESH GROUNDWATER LENS MODELS DEVELOPMENT AND

CALIBRATION

In this chapter, the development of three dimensional SEAWAT models for selected
islands in the Republic of Maldives, and the calibration procedure used to match obsstved fr

groundwater volumes are presented.

3.1lslands Selection

Four different islands have been selected for the purpose estimating fowmne\wgater
supply in the Republic of Maldives. The selection of these islands is based on the following
criteria to provide a comprehensive, aagdresentative analysis:

1) Selectedslands have to represent different climatic regions in the Republic of Maldives

2) Selected islands have to represent diffeigdand sizes

3) Selected islands have to have availdiyldrogeologic data for model construction and

model testing.

BangladesiConsultants Ltd. has undertaken groundwstigius investigations fieldork on
four islands in the Republic of Maldives as part of a project entitled “Detaglsigrdandvorks
supervision for the development of sewage systems for the islands of L. Gan, GDh.Thinadhoo,
N.Velidhoo and N. Holhudhoo”. This field work was documentefdin reports describing the
groundwater status in each island. For the purpose of this research, thesardsnigre
selected to model fregiroundwateresources dynamica the Republic of Maldives atolls as
theyrepresent different climatregions and different island sizes. In the following sub-sections,

a brief overview for these four islands is presented. Bangladesh Consutthriisid reports
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wereprepared by Tony Falkland (May, 2010) and are extensively cited in the followbng s

sections.

3.1.1 N. Holhudhoo Island

N. Holhudhoo is diny islandwhich is locatedn the south of Noonu atolk is located at
latitude 5°45’18” and longitude 73°15'46” at a distance of approximately 175 km north of Malé
(Figure 5 shows an aerial photo of the island). iSl@dlength is about 670 m and the
maximum width is about 370 m. The island’s current area bounded by the beach, as syrveyed b
ArcMap, is reported as 19 hectares (halhelsland population as reported by island office data
was2,063 in December 2009. The population has increased by 21 from 2,042 in December 2006
(Bangladesh Consultants Ltd. field report based on Ustaids office datg. According to
2006 officialNationalcensus, N. Holhudhoo population was 1,527. According to the island
office datain 2006 and 2009, the average annual population growth is estimated to be 0.34%.
Island office data show that the total number of houses was 396 in December 2009. Water supply
in the island is based on fresh groundwatdraction from wells, &rvesting rain water from
roofsandstoring it inpolythene (PE) tanks, antksalinated water whidk supplied to five

public taps.

3.1.2 N.Velidhoo Island

N. Velidhoo is a small size island which is located in the south of Noonu atoll. It is
located at latitude 5°39'50” and longitude 73°16'28” at a distance of approximately 165thkm nor
of Malé. (Figure 6 shows an aerial photo of the island). The island length of the istdooaiis

1.0 KM and the maximum width is about 830 m. The island’s current area bounded by the beach
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as surveyed by ArcMap is reported as 59.5 hectares (ha). Island population ad ptsiend

office data was 2,256 in December 2009. The population has increased by 76 from 2,180 in
December 2006Bangladesh Consultants Ltd. field replossed on Locdklands office data).
According to 2006 Maldivian government population census, N.Velidhoo population was 1,716.
According to island office data 2006 and 2009, the average annual population growth is
estimated to be 1.15%. Island office data show that the total number of houses was 357 in
December 2009V ater supply in the island is basedf@shgroundwateextraction from wells,

harvesting rain water from roofs and storing ipolythene (PE) tanks, and desalinated water.

Figure5 Aerial photo ofN.Holhudhoolslandfrom Google Earth

33



Figure6 Aerial photoof N. Velidhoo Island from Google Earth

3.1.3 GDh.Thinadhoo Island

GDh.Thinadhoo is a medium size island which is located in the western side of Gaafu
Dhaalu atoll. It is located at latitude 0°31’ and longitude 72°59' at a distance ofiagiebx
405 km south of Malé. (Figure 7 shows an aerial photo of the island). The island length of the
island is about 1.5 KM and the maximum width is about 930 m. The island’s current area
bounded by the beach as surveyed by ArcMap is reported as 147.2 hectares (ha). Island
population as reported by island office data was 6,745 in November 2009. The population has
increased from 6,498 in December 2006 (Bangladesh Consultants Ltd. field report based on
Locallslands office data) According to 2006 official Maldivian government population census,
GDh.Thinadhoo population was 4,442. Accordisighd office datan 2006 and 2009, the
average annual population growth is estimated to be 1.25%. Island office data shbe tiia t

number of houses was 1,162 in November 2009. Water supply in the island is based on fresh
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groundwateextraction from wells, harvesting rain water from roofs and storingoibiythene

(PE) tanks.

Figure7 Aerial photoof GDh. Thinadhodslandfrom Google Earth

3.1.4 L. Gan Island

L. Gan is a large size island which is located ingthstern side of Laamu atadll is
located at latitud&°55’ and longitude 73°32'30’ at a distance of approximately 250 km south of
Malé. (Figure 8 shows an aerial photo of the island). The island length of titiskbout 8.1
KM and the maximum width is about 1.6 KM. The island’s current area bounded by the beach as
surveyed by ArcMap is reported as 1015.8 hectares (ha). There are three villagasland,
Thundee in the north, Mathimaradhoo in the center, and Mukurimagu in the south. Since 2005,

the population of the island has significantly increased. According to island @ffiecegntioned
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in the field reportsylatg L. Gan population was 2,537 in December 2005. Island populatien
reported by island office data October 2009 to be 4,208. Accordinggtand office data in

2005 and 2009, the average annual population growth is estimated to be 13.5%. Island office
datashow that the total number of houses was 691 in October 2009. Water supply in the island is
based on fresh groundwatettraction from wells, &rvesting rain water from rooéndstoring it

in polythene (PE) tanks, and from seawater desalination.

10300 ft

Figure8 Aerial photoof L. Ganlslandfrom Google Earth
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3.2 Islands’ Hydrogeological Setting

According to the “Dual Aquifer System” theory discussed previously in Chapteth&sof
dissertation, atoll island aquifers consist of an upper aquifer of Holocene agdsi@olsicene
aquifer) resting on top of older Pleistocene age limestone foundation (Pleishocefiee). The
hydraulic conductivity of the Pleistocene aquifer has been estimated to be 1 tos2brde
magnitude higher than that ofetliHoloceneaquifer (HuntandPeterson, 1980). The Holocene
aquifer consists of sand and fine sediments and is typically 15-25 meters thiekitheHdwer
Pleistocene aquifer is composed of highly conductive karstic limestone.

The freshgroundwatetenses in the Maldivian atolls foras rainfallthat is not
evaporated, intercepted by trees, transpired by vegetation, or captured by rdcfiopeoa
systems, percolates through the unsaturated zone and recharfiestiwater lens at the water
table(Wheatcraft andBuddemeier, 1981). Without continual recharge forcing, the fresh
groundwatetens will be thin and dramaticaltjeplete The size of the fresgroundwatetens
depends on the width of the island as larger islands pradelguate space teceive frestvater

from rainfall and eventually developing larger fresh groundwates.

3.3 Models Development
3.3.1 Grid Discretization

3.3.1.1 Horizontal Discretization

The spatial scale of islandBgngladesh Consultants Ltd. field report based on Local
Islands office datg dictates whether a fine resolution grid or coarse resolution grid is needed.
Moreover, the orientation of grid shoudd situated with respect to the general flow regife.

model the spatial scale of islands, uniform grid spacing is used. The very bheiossof the
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grid includes computational difficulties in terms of long simulations t@wogle Earth was
employed to delineate islaridsoundaries to create KML files. These KML files were then
imported and edited in AMap anda shape fildor each island wasreated. Usinghe pre-
processing graphical user interfdoe MODFLOW and MT3DMS, Groundwater Vistas,
shapefiles weremportedto the interfaceand were used to develop the grid for each island
model. Groundwater Vistas allows for the creation of SEAWAT input files. The igad\as
determined analytically by measuring the width #melheight of each modeled island and
dividing thesemeasurements by a desired cell s@ece imported int&roundwater Vistagshe
boundaries of the island shapefiles were traced to denote the models’ active anel oadisti
Table3 shows the horizontal grid design for the selected isl&igigre9 shows the grid foN.

Holhudhoo Island.

Table3 Horizontal grid design for the selected islands

Total b
Island Island Area (ha) No. of Rows  No. of Columns Grid Size (m) © 3f 22“13 er

122,400

N. Holhudhoo 19.9 68 60 10
. 323,400

N. Veildhoo 59.5 98 110 10
. 178,500

GDh. Thinadhod 147.2 85 70 20
646,950

L. Gan 1015.8 227 95 40
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Specifiedheads cells

Figure9 Horizontal grid design for Holhudhoo Island

3.3.1.2Vertical Discretization

The vertical discretization generally represents change in aquifer geslogyscussed
earlierin section3.2, the modeled groundwater system consists oflifierent aquifersthe
Holocene upper aquifer, and the Pleistocene lower aquifer. Hareclgyers can be used at
minimum, however, 30 layers were used to retain accuracy in representingl \satiiuty
profile and to model the variation in fresh groundwédas adequatelyable4 shows the

vertical discretization that was wusfor islandmodels.

Table4 Vertical discretatizion used for all islands models

Layer Thickness (m)
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250

O ONO|OA~WN P
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10 0.250

11 2.500
12 2.500
13 2.500
14 2.500
15 2.500
16 2.500
17 2.500
18 5.000
19 5.000
20 5.000
21 5.000
22 5.000
23 5.000
24 10.000
25 10.000
26 10.000
27 10.000
28 10.000
29 10.000
30 10.000

3.3.2 Specified Head Boundary Conditions
The coastal line bounding each island model was specified to be zero head boundary with
solute concentration, which is chloride, to be 1 (which means 100% seawater) to simulate

seawater presence. The bottom of each model was designated as no flow boundary.

3.3.3 Aquifer Parameters

Aquifer parameters wegssignedased on the published valuestoll islands modeling
literature The parameters described in this section arersssigp all models to establish
baseline condition simulations. In the calibration procasslescribed in a later sectisome of
these parameters will be changed

Bailey and others developed two dimensioratical crosssectionSUTRA models to
simulate frestvater lens dynamid®r generic islands within the Republic of Maldives (Bailey et

al., 2014). Calibration to the hydraulic conductivity was performed to reproduce abtsnse
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thickness data. The calibrated hydraulic conductivity was found to be 75 mhdaygalibrated
hydraulic found byheBailey et al. (2014has been used as initial hgdfic conductivity for
selectedslands. The specific yield of the upper Holocene aquifer, which determines tmeevol
of available extractable fregroundwaterwas et at 0.2qQGriggsandPeterson, 1993Dther

aquifer parameters are summarized in Téble

Table5 Aquifer parameters assigned to all models indselinesimulations stage

Parameter [units] Value Source

General aquifeproperties

Compressibility of porous matrix fitN] 1 x 10° Petersorand Gingerich, 1995
Specific yield [n3/m] 0.20 Griggs and Peterson, 1993
Longitudinal dispersivity, o L [mM] 6.0

Transverse dispersivity, o 1 [m] 0.05 Griggs andPeterson1993

Upper Holocene aquifer

Porosity [n /m3] 0.2 Anthony, 196
Thickness [m] 15 Hamlin and Anthony, 1987
Horizontal K [m/d] 75 Bailey et al., 2014
Vertical K [m/d] 15 Bailey et al., 2014
Lower Pleistocene aquifer
Porosity [n¥ /m?] 0.3 Swartz, 1962
Thickness [m] 105
Horizontal K [m/d] 5000 Oberdorferet al, 1990
Vertical K [m/d] 1000 Oberdorfer et a).1990

3.3.4 Baseline Simulations

Baselinesimulations were run firstly to establish a baseline condition for fresh
groundvater lens volumédor each island. Using average annual precipitation for each climatic
region at which each island is located, and based on the amaattialf recharge to the

groundwater, monthly recharge stress periods were established, operating tmdateps.

41



Historicalannualrecharge as reported bailey et al. (2014jor 510 N and 05 N regions

ranges betweeb60 mm to 797 mm, and 458 mm to 1046 mm respectively. For the purpose of
progressing toward stable condition, average daily recharge rates of 2 namddaynm/day

were assigned to-50 N region islands and 0-5 N region islanelspectively. Recharge values
were applied uniformly over the island surface. The transport simulatioesall@wved to run

for 20 yearsuntil thesimulated freslyroundwaterolume stabilizd. Table 6and Figures 10-11

showbaselinesimulated freslygroundwater volume in each island.

3.4 Models Calibration
3.4.1 Transient Groundwater Recharge Calculation

Recharge represents tbely freshwatersource feeding the fresh groundwater lens. Daily
recharge was calculated from Jan 1998 until Dec 20 Baligy et al.(2014)for different
climatic regions in the Republic of Maldives usthgwater budget model ofdfkland(1994),
which accounts for interception storage by surface vegetation, evapotranspiration (ED)| and s
water storage. The water budget moalabnot used in this research as it results in a lot of days
with zero rechargewvhichwill eventually lead to computationabktability. Instead, the long term
percentages of rainfall that recharges groundwater for two climaticmgegiere calculatebly
multiplying percentages shown in Table 7 by the average daily precipitatiochimeanth.This
approach wassed to evenly distribute monthly precipitation amounts for each day where each
day during monthly stress periods receives equal amount of recharge. Thatedloetharges
based constant percentages are plotted in Figure 12, and Figliehle¥ shows the
percentages of rainfall to become recharge in the selected islands based dmttersbalance

model.
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Section A-A
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Section A-A

Figure10 Baselinesalinity profile for Holhudhoo, and GDh. Thinadhoo Islands (1.00 denotes 100% sgawat
vertical scale is highly exaggerated

A . B
:; 15 E‘, 3004 L
é tf: 240
150
650 ) o 1525 3650 5475
E time Elapsed tan a
£ ¢ D
S
3
18

oundwater kens volume (m')

Fresh groundwater bns v

Fresh gr

k

Figure1l Baselinesimulations results foA. N Holhudhoo IslandB. N. Velidhoo IslandC. GDh. Thinadhoo Island. L. Gan
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Table6 Baselinefresh groundwatdensvolumes in modeled islands

Island Fresh Groundwater Lens Volume (m®)
N. Holhudhoo 293,20
N. Velidhoo 1,577,852
GDh. Thinadhoo 1.271x 10
L. Gan 1.1%6x 1¢°

Table7 Percentage of rainfall to becorgeundwaterecharge in modeled islands based on soil water balance.model

Climatic region % of rainfall to become recharge Islands included
5-10 N 48.9 % N. Holhudhoo and N. Veildhoo
0-5N 50.9% GDh. Thinadhoo and L. Gan
1-Jan-98 1-Jan-02 1-Jan-06 1-Jan-10
0
14 20
12 40
E 10 60
& 8 80
s 100
S 6
& 120
4 140
2 160
0 180
——Recharge —— Rainfall

Figure12 Daily rainfall and calculated recharges fet® N climatic region
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3.4.2 Calibration Procedure

Once initial simulation®iave been performed to establsselindresh groundater lens
volumes, each model was calibrated using observed valfiesbfgroundater lens volume.
The objective of the calibratias to have simulated freshwater lemslumes match observed
freshwatervolumes with less than 1% volume discreparidye initial hydraulic conductivity
usedwas75 m/d agalibratedby Bailey et al. 2014) in a previous two dimensional modeling of
islands in the Maldivian atolls using SUTRABhe hydraulic conductivity was adjusted until the
freshwater lengolumeestimated by the thredimensional model matched the observed lens
volumes for all islands. The depth of contact between the Holocene aquifer and tloedHeist
aquifer was not calibrated @ss concluded that it does not have a major influence on the lens
volumeWallace(2015). Also, due to the limited observed fresh groundwater data (one
observation in time), the calibration was constrained to one parameter.

Data regarding frestater lens volumes in islandseaavailable at only one time step, that
is on April 2010 when the field investigations were undertaken, the transient modeldfor eac

island was established with transient recharge data calculated&muary st 1998 till
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December 3%2010. SEAWAT calulated salt concentrations on a daily basis for each island
and the simulated groundwater lens volume values at theluaty the data was measured
compared to theecordedvaluesof frestwater lens volumes reported by Tony Falkland in the
field reports (2010) describing the groundwat@tus in each islan®y changing the hydraulic
conductivity of the upper aquiféor each island, several transient simulations were performed
and sensitivity analysis for the influence of hydraulic conductivity of the uppereaquf

freshwater lens volume waonducted.

3.4.3 Sensitivity Analysis

Sensitivity analysis was performed for all modeled islands to investigagéféioe of
Holocene aquifer hydraulic conductivity on the development and size of the freshewet
Hydraulic conductivity values were varied across a rgpugsible hydraulic conductivity values
in an effort to bracket all potential valuas reported bprevious modeling studies for atoll
islands. When changing horizontal hydraulic conductivity values, anisotropywatues were
set to be 5 for all islands. Figeré4 through 17 show the sensitivity analysis plote&mh
island Generally,The results of this analysis indicate that hydracticductivity hasa
significantinfluence on the thickness and volume of the freshwatemlbesehigher hydraulic

conductivity values promote thinner freghter lenses and vice versa.
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3.4.4 Calibration Results

After running several simulations for modeled islands, horizontal hydraulic contjuct
for the uppethe Holocene aquifer was adjusted to match observed fresh gratgryolumes
as reported by Tony Falkland (201Bjgure B and Table8 show the observed and simulated
volumesof the freshwater lens and the resulting calibrated values. Calibrated liyydrau
conductivity values range from 15 m/day to 100 m/day, which is in the same order of magnitude
for atoll islands hydraulic conductivity valu@3ailey & al., 2009) and also within the range

reported by Falkland (Falkland, 2Q@®alkland, 2001).
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Figure18. Crosssectional view of thredimensional model of modeled Islands showing calibrated lens volume. Red indicates
seawater salt concentration of 100% seawater and blue indicates freshwateratmcaftsalt near 0% seawater. A tramsitl
zone is seen between the freshwater and seawater refyidvisHolhudhoo islandB. N. Velidhooisland;C. GDh. Thinadhoo
island;D. L. Ganisland(vertical scale is highly exaggerated)

Table8 Calibrated Holocene aqufer hydrauluc conductivities for modeled isalands

Island Climatic Calibrated K Observed lens Simulated lens
region (m/day) volume (million volume
m?3) (million m3)
N. Holhudhoo 5-10 N 15 0.203 0.202
N. Velidhoo 5-10 N 65 0.73 0.72
GDh. Thinadhoo 05N 90 5.7 5.63
L. Gan 05N 100 47.4 47.1
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3.5 Discussion and Conclusion

Threedimensional models were developed using the USGS code SEAWAT to simulate
the groundwater flowdynamics beneathlaldivian atoll islands. Islands selected fors research
were N. Holhudhoo on Noonu atoll, N. Velidhoo on Noonu atoll, GDh. Thinadhd@aafu
Dhaaluatoll, and L. Gan ohaamuatoll. Islands were selected ihe Northern climatic region
(5-10 N region), and the southern climatic regiorb (8 of the Maldivian atollgo capture the

effect ofrainfall variability on the development of the fresh groundwater lens beneath the islands

52



and based on data availability for the fresh groundwearer statusCalibration was performed

for islands with observed values of lens volumes to ensure model output accurately ragroduci
historical values. Calibration procedure was based on minimizing groundwegenleme
discrepancy between observed and simulated values.

During calibrationjt is concluded that a hydraulic conductivity value ofmi/l was
necessary foN. Holhudhoo Island tonatchgroundwater lens volumé&he calibrated hydraulic
conductivity values for other islands are: 65 m/day for N. Velidhoo Island, 90 noid&ph.
Thinadhoo Island, and 100 m/day for L. Gan Island. All calibrated hydraulic condyetiltes
seem reasonable and are of the same order of magnitude obtained from previous modeling
studies and from boreholes data conducted by Falkland (Falkland,Z0k&nd, 2001)A
sensitivity analysis wasonductedo investigate the influence of tpperHolocene aquifer
horizontal hydraulic conductivity on the developmant size of the freshwater lefisis
concluded that the hydraulic conductivitglueshavea significant impacbon the development

ard size of the freshwater lens for all modeled id&an
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CHAPTER 4. THE SUSTAINABILITY OF FRESH GROUNDWATER LENS UNDER

NON-STATIONARY CLIMATIC CONDITIONS

In this chapter the fresh groundwater lens development is assessed undatiooarg
climatic conditionsRainfall rates from multiple Glob&irculation Models (GCMs) are used to
estimate recharge rates for the four study islamdgiantify the future fresh ground availability
under various precipitation patterd$ie climate change induced sea level rise is discussed in

Chapter 5.

4.1 Introduction

Effective water resources plang and management requaescientifically based
knowledge of how water supply would fluctuate under future climatic conditions. Intorde
manage available water resources efficiently, future climate forecadte ceed to estimate
future environmental forcing su@satmospheric carbon dioxide concentrations and resulting
variable rainfall patternsA set of coordinated climate model experiments under Model
Intercomparison Project Phase 5 (CMIP5) were developdldebWorld Climate Research
Program to facilitate future climasmalysis andhe expectedarth system variability and
change. The overatibjective of the research program is to develop models that are capable
predictng future climate as well as determinitige effect ohuman activities on climate.

Many climate modeling groups are affiliated with the program, each of which gmplo
General Circulation Mods(GCMs) in their analysisThe climate models investigate the

contribution of several factors when forecasting future climate suchcagl cbver circulation,
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and ice meltdown. Statistical analysisigedto ensure that future climatic forecasts replicate
historical climatic trends.

The amount of sun radiation is repented by CMIP5 global climatic models in various
scenariosCarbon dioxide concentration in the atmosphet@ch may change because of
greenhouse gases effe@ffects energy balance in a global scale forcing the climate to change
(Meehlet al, 1996).Greenhouse gaséSHGs) emission trajectory immodeledby different
representative concentration pathefCPs). RCPs are labeled according to each scenario’s
target radiative forcing by 2100. The high emissions scenario is represgiR&PB.5, in wigh
radiative forcing is expected to rea@!s W/nt by year 2100. RCP6.0 &n intermediate
emissions scenarigyherethe radiative forcing in thiscenaricstabilizes at 6 W/mafter 2100.
Another intermediatelimate changscenario wheremitigationpoliciesareimposedjs
represented by RCP4.5, in which GH&msissions are restrained and the radiative forcing
stabilizes at 4.5 W/fmat year 2100. Extreme climate change mitigatmmereeffective policies
are strictly enforcedandlifestyle changes accommodatetb reduce greenhouse gases
emissionsis represented by RCP2.6, in which radiative forcing peaks at 2.6 Wéam 2100
(Tayloret al.,2012).A list of the various climate mode{modified from Wallace et al., 2015)
andtheir associatethodeling centers is shown Trable9. Climatic models that were developed
by World Climate Research are employed in this research to estimate the fytarseesf fresh
groundwater lens dynamics in the Republic of Maldives under future climatic conigitine

next few decades.
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Table9 CMIP5 climate modeling centers and associated climatic m@ueldified from Wallace et a(2015)

Modeling Center (or Group) Institute 1D Model Name ID
Beijing Climate Center, Chinleteorological BCC BCC-CSM1.1 M1
Administration
National Center for Atmospheric Research NCAR CCsM4 M2
Community Earth System Model Contributors NSFDOE- CESM1(CAMS5) M3
NCAR

Commonwealth Scientific and Industrial Research
Organization in collaboration with Queensland ClimateCSIRO-QCCCE CSIROMK3.6.0 M4
Change Centre of Excellence

The First Institute of Oceanography, SOA, China FIO FIO-ESM M5
NOAA Geophysical Fluid Dynamics Laboratory NOAA GFDL GFDL-CM3 M6
GFDL-ESM2G M7

GFDL-ESM2M M8

GISSE2-H-p1 M9

GISSE2-H-p2 M10

NASA Goddard Institute for Space Studies NASA GISS GISSE2-H-p3 M11
GISSE2-Rpl M12

GISSE2-Rp2 M13

GISSE2-Rp3 M14

National Institute of Meteorological Research/Korea  NIMR/KMA HadGEM2AO M15
Meteorological Administration HadGEM2ES M16
IPSL IPSL-CM5A-LR M17

Institut PierreSimon Laplace
IPSL IPSL-CM5A-MR M18

Atmosphere and Ocean Research Institute (The

University of Tokyo), National Institute for MIROC MIROCS5 M19
Environmental Studies, and Japan Agency for Marine

Earth Sciencand Technology

Japan Agency for MarinEarth Science and MIROC MIROC-ESM-CHEM M20
Technology, Atmosphere and Ocean Research Institute MIROC-ESM M21
(The University of Tokyo), and National Institute for

Environmental Studies

Meteorological Research Institute

MRI MRI-CGCM3 M22
Nonhydrostatic Icosahedral Atmospheric Model Gro NCC NorESM1M M23
Norwegian Climate Centre NCC NorESM1X:ME M24
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4.2 GCMs Statistical Assessment

4.2.1 Methods

In this research, a multriteria scorebased method smployedo assesthe
performance of the GCMsr the Northern and the Southern climatic regions in the Republic of
Maldives A statistical methodology developed By et al.2013) is used with moficationsto
assess GCMs based multiple statistical criterialiable10). The modifications to Fu et al.
(2013) include: using one method to assess the Trend analysis instead of two methods used in the
paper, and ignoring the spatbee variability variable in characterizing the similarity between
observed data and GCMs outputs. Table 10 showsteability of GOMs to replicate

historical monthly rainfall depths assessed and ranked using statistical methods, formulations,

and weights.
Table10 GCMs statistical assessment variables, methods, and weights

Statistics of climate variables Assessment Method Weights

Mean Relative error (%) 1

Standard deviation Relative error (%) 1

Temporal Variation NRMSE 1

Monthly distribution Correlation coefficient 1

Trend analysis MannKendall test 1

Probability density functions BS 0.5
Sscore 05

In order to assess performance, the observed monthly rainfall data is compa@dgo G
output from January 1998 through December 2011. GCMs outputs are compared to observed
rainfall data basednassessment methods listedlamble10. GCMs are ranked based on each
assessment method showrthe table and a weighted average ranking for each model is

calculatedaccording tdequation 4.1The assessment criteria are used to characterize similarity

57



between observed data and GCMs outputs in terms of long term mean, standard deviation,

temporal variation, seasonality, temporal variability, and probability distrifbutio

Total Score:Zn: WF  (4.1)

i=1

Where
wi is the weight for thé" assessment method

R is the ranking for thé" assessment method

To quantify similarity between observed data and climatic forecasts indonmgitean and

standard deviation, relative error formulatisused where:

EZ xml } Xoi
RE=Mix - ni= (4.2)
L Xoi
n i=1

WhereXmi, andXo; are the modelednd observed monthly rainfall, ands the number of
observations (168 months in this case).

The normalized root mean square error (NRM3t3t isdefined as root mean square
error divided by the corresponding standard deviation dfigterical datgRandall, 2007)is
used to compare the similarity loétween observed and modeled rainfall data considering both

mean and standard deviation.
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The correlation coefficiens used to evaluate forecast®nthly distribution compared to
observed rainfall data.igher correlation coefficient indicates a strong statistical dependence
between observed rainfall and modeled climatic forecasts. For the sakeuaitiegaGCMs
performance in terms of replicatingbserved data long term trenlde MannKendall test
(Hirsch, 1982)s applied to characterize lostgrm monotonic trends and quantify their
magnitudes. The comparison between observed rainfall data and modeled outputs is thesed on
Mann-Kendall slope. A positive slope for the data set indicates that there is@asimg trend
for the data, while a negative slope indicates a decreasing trend.

The Brier verification score (BS) &sstatistical measure of the accuracy of probabilistic
predictions that was introduced by Glenn Brier (Brier, 1950) to compare the qualieatifer
forecastsin its original formulation, it has a minimum value of zero for perfierecasting and a
maximum value of 2 for the worst possible forecasting. For the sake of evaluaéngddre
(BS) in assessing similarity between probability density functiong¢pbf observed and
modeled climatic data, a modified formulation of @Brier score is used (Fu et,&013).The
modified version of Brier score calculates the mean squared error betweerdibegre
probability of GCMs climatic forecasts and the observed climatic rainfall dggarting the
accuracy of probabilistic pdéctions. In the modified formulation, a minimum value of zero
indicatesperfect forecasting and a maximum value of 1 indicatew/thist possible forecasting.

The modified versiorformulationis given by the followingexpression
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BS-—Y (R- R} (49

i=1

WherePni is the modeled" probability value of each bin ardi is the observed" probability
value of each bin, andlis the number of bins. For this analysis, the number of bins was fixed at
10. Probability density functions are used to assess the likelihood of the GCMs output to
adequately replicate historical data. The number of bins has an effect on theajubbtBrier
score analysis. Using high number of bins, lower values of BS s@expected even if there is
no significant PDFs similarity between observed and modeled rainfall data.

The last criterion that igsed in GCMs statistical assessment is the Significance score
(Sscord- The Sscorecalculates the cumulative minimwnalue of observed and modeled
distributions for each bin, quantifying teemilarity between twmbserved and modeled PDFs
(Perkinset al, 2007 Watterson, 2008). Aerefore, an Sorevalue of one indicates a perfect
match betweenbserved and modeled PDFs, wlate Scorevalue of zero is the worst achievable
score. It is much more difficult for a model to match observed data PDF, whielseats of
overall climate patterns, than it is to match the mean and standard deviation ofdhidadec
Mean analysis cannot reveal biases or seasonal .€8Gis with an §ore> 0.80 are considered
to accurately represent the regional climate sy¢ierkinset al.,2007). Significant overlap
between the observed rainfall data and the modeled rainfall outputs from @&EdMsadicates

higher capability in matching climate patterns.oSis calculated by the followingxpression

Siee= Y, Minimum( R, R) (4.5)

i=1
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Where,Pniis the modeled" probability value of each bin af3; is the observed" probability
value of each bin, analis the number of bins (10 bins were used in this analysis).

CMIP5 GCMsareassessetbr their capability of accurately reproducing historical trends
for boththe Northern climatic region anithe Southern climatic regio Separate analysis
performed for both regions of the Republic of Maldives due to differeneenfall patterns
Results for Northerand Southern regior@eanalyzed and discussséparatelywith internal
discussion on the different RCP scenarios considered. Each of the four forcingpsdgear
RCP2.6, RCP4.5, RCP6.0, and RCP&m®analyzed for both regions to determine which

models performed best.

4.2.2 Results
4.2.2.1 Top Performing GCMs for Northern Climatic Region

The CMIP5 GCMsutput for Northern climatic Region State is fiastalyzedTable 11
shows the monthly mean, monthly standard deviation, NRMSE, relative error, BScafdrS

each of the GCMs analyzed for Northern climatic Region State under the R@Fcihg f

scenario.
Table11 GCMs statistical assessment for the Northern climatic ragider RCP2.6 scenario
Model Correlation  Rank Mean Rank St Dev Rank SSE NRMSE Rank

ID RE RE

M1 0.320 23 0.249 21 0.865 24 5801.19 1.832 24
M2 0.528 9 0.238 20 0.100 8 1989.04 1.073 10
M3 0.560 6 0.255 22 0.009 2 1746.01 1.005 7
M4 0.610 4 0.125 14 0.073 6 1291.27 0.864 2
M5 0.401 21 0.072 8 0.037 3 212994 1.110 11
M6 0.555 7 0.093 11 0.173 10 1853.34 1.035 8
M7 0.442 18 0.217 18 0.268 15 1681.33 0.986 5
M8 0.514 10 0.030 3 0.052 5 174392 1.004 6
M9 0.450 16 0.093 10 0.383 20 2860.86 1.286 20
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M10 0.466 15 0.062 6 0.461 23 3021.91 1.322 21
M11 0.475 13 0.047 5 0.334 18 2574.36  1.220 15
M12 0.420 20 0.090 9 0.320 17 2802.72 1.273 19
M13 0.487 11 0.113 13 0.286 16 242519 1.184 13
M14 0.448 17 0.094 12 0.233 13 243523 1.187 14
M15 0.352 22 0.229 19 0.113 9 2661.27 1.241 16
M16 0.474 14 0.187 16 0.004 1 1920.23 1.054 9
M17 0.538 8 0.161 15 0.439 21 1301.33 0.868 3
M18 0.562 5 0.006 1 0.088 7 1367.36  0.889 4
M19 0.658 1 0.066 7 0.048 4 1235.09 0.845 1
M20 0.621 3 0.537 23 0.447 22 3264.64 1.374 23
M21 0.634 2 0.583 24 0.351 19 3138.85 1.347 22
M22 0.430 19 0.213 17 0.265 14 2731.24 1.257 17
M23 0.483 12 0.032 4 0.184 12 2137.77 1.112 12
M24 0.318 24 0.009 2 0.183 11 2794.77 1.271 18
Model Mann- Mann Rank BS (%) Rank Sscore  Rank Total Final
ID Kendall Kendall score Rank
Slope RE
M1 0.0091 7.273 24 0.0552 22 0.696 23 126.5 24
M2 0.0044 3.000 15 0.0229 14 0.720 20 715 12
M3 0.0019 0.727 4 0.0121 7 0.845 4 44.5 5
M4 0.0011 0.000 1 0.0105 5 0.839 5 315 3
M5 0.0024 1.182 5 0.0122 8 0.821 9 54 7
M6 0.003 1.727 8 0.0267 15 0.720 21 58 9
M7 0.0041 2.727 13 0.0100 4 0.857 2 65.5 11
M8 0.009 7.182 23 0.0092 2 0.851 3 38 4
M9 -0.0033  4.000 20 0.0803 24 0.649 24 100 23
M10 0.0046 3.182 16 0.0574 23 0.702 22 95.5 22
M11 0.0054 3.909 19 0.0421 18 0.744 15 77 15
M12 -0.0036  4.273 21 0.0459 19 0.726 18 94 21
M13 -0.0019  2.727 13 0.0535 21 0.726 18 79 17
M14 -0.0003  1.273 6 0.0352 16 0.744 16 75 14
M15 0.0067 5.091 22 0.0368 17 0.756 14 92.5 20
M16 0.0026 1.364 7 0.0223 13 0.768 13 56.5 8
M17 0.0037 2.364 12 0.0176 11 0.804 12 64.5 10
M18 0.003 1.727 8 0.0097 3 0.827 6 255 1
M19 0.0032 1.909 10 0.0146 10 0.821 8 27 2
M20 0.0034 2.091 11 0.0049 1 0.899 1 77.5 16
M21 0.0047 3.273 17 0.0106 6 0.827 7 82 18
M22 0.0005 0.545 3 0.0474 20 0.738 17 87 19
M23 0.0013 0.182 2 0.0218 12 0.810 10 52 6
M24 0.005 3.545 18 0.0146 9 0.810 10 73.5 13

62



140

120

M9
100 M15M12M10

M21M22
M13
80 2 V24 M14 M11M20
M17 M7
M16 M6
60 M23 M5
M3
M8

M18 M19
) I I I

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
GCM final ranking

Total score

Figure20 GCMs ranking results for the Northern climatic regiorder RCP2.6 climate change scenario

Considering the results of the BS &éRebreanalysegTable 11) M20 isthe best
performing model for the Northern climatic region under RCP 2.6 forcing soemnduile M9 is
the worst performing. BS values ranged from 0.0049 to 0,08068re a smaller value indicates a
betterreplication of observedata.Sscorevalues ranged from 6£81089.9%, where models with
a higher score show more overlap with the historical climate patternsscbhguantifies the
overlap between the GGVWPDFs and the PDF produced by observed valuesrdéll. The top
three datasetselected for modeling under the RCP2.6 scenaribléothern climatic regiomare
M18, M19, and M4. These models produced BS values of 0.0097, 0.0146, and 0.0105,
respectively. TheiBscorevalues were2.®6, 82.1%, and 83.9%, respectivelyand theyare
considered to accuratetgpresent the regional climatgstem(Perkinset al.2007).These results
emphasizehe need focomprehensive&CMs analysis using probability density functions.

Model M19 out of the toghree performingsCMsaccording to the BS arfiicoreanalyses was
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determined tdvavehigh mean relative erro©On the other hand, some other models had good
performance in term of replicating observed data mean, correlation, and NRM &t \biatiled
to characterize therobabilistic patterns of the historical datégure21 shows the cumulative
probability distribution for the best and woGE€Ms compared to the observed rainfall data.
Statistical analysis results for other RCP scenarios in the Northern cliegiboare shown the
Appendix. Table 12ummarizes the selected GCMs models for the sake of climate change

analysisin the Northern climatic region.
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Figure21 Cumulative probability distributions for tHeestandtheworstperforming GCMs undegRCR2.6forcing scenaridor
the Northern climatic regiocompared to the observed data
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Table12 Accepted GCMs for the Northern climatic region

RCP forcing scenario Accepted GCMs ID
RCP2.6 M18, M19, M4
RCP4.5 M19, M8, M18
RCP6.0 M19, M18,M4
RCP8.5 M19, M8, M4

4.2.2.2 Top Performing GCMs for South&hmatic Region

The CMIP5 GCMs output for Southechmatic Regiorresults are presented in this
section Table13 shows the monthly mean, monthly standard deviation, NRMSE, relative error,
BS, andScorefor each of the GCMs analyzed f8outherrclimatic Region State under the

RCP2.6 forcing scenario.

Table13 GCMs statistical assessment for 8wutherrclimatic region under RCP2.6 scenario

Mlosjel Correlation Rank M;é\n StRDEev SSE NRMSE Rank
1 0.154 23 0.106 6 0.693 21 4239.18 1.814 22
2 0.462 4 0.136 11 0.019 1 1461.23 1.065 3
3 0.333 10 0.095 5 0.258 9 2229.70 1.316 4
4 0.457 5 0.585 24 0.492 15 3948.07 1.751 19
5 0.186 21 0.031 2 0.304 10 2778.35 1.469 12
6 0.454 6 0.136 10 0.570 19 2641.86 1.432 9
7 0.239 16 0.008 1 0.170 5 2267.86 1.327 5
8 0.418 9 0.263 17 0.863 23 3975.90 1.757 20
9 0.217 18 0.162 12 0.548 18 3536.31 1.657 17
10 0.251 14 0.267 18 0.486 14 3420.19 1.629 16
11 0.210 19 0.308 19 0.680 20 4349.78 1.838 23
12 0.314 11 0.068 4 0.422 11 2689.70 1.445 10
13 0.087 24 0.533 23 0.450 13 4842.46  1.939 24
14 0.268 13 0.122 9 0.544 17 3272.48 1594 15
15 0.422 8 0.315 20 0.850 22 405256 1.774 21
16 0.526 1 0.251 16 0.516 16 2432.74 1.374 7
17 0.434 7 0.194 13 0.207 6 1355.25 1.026 2
18 0.293 12 0.248 15 0.160 4 2376.26  1.358 6
19 0.465 3 0.120 8 0.217 7 1175.86 0.955 1
20 0.197 20 0.427 21 0.043 2 2784.73 1.470 13
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21 0.170 22 0.433 22 0.143 3 2690.44 1.445 11
22 0.486 2 0.228 14 0.898 24 3699.06 1.695 18
23 0.220 17 0.057 3 0.445 12 3086.98 1.548 14
24 0.242 15 0.120 7 0.248 8 2515.65 1.397 8
Mann- Mann .
Mlosj el Kendall Kendall Rank BS (%) Rank Sscore Rank l_gct)?é E':r?ll(
Slope RE

M1 -0.0083 6.545 20 0.1291 24 0.554 24 106 24
M2 0.0046 5.182 16 0.0198 13 0.780 11 39 4
M3 -0.002 0.818 3 0.0141 5 0.821 5 34.5 3
M4 0.0051 5.636 17 0.0397 21 0.631 21 92.5 19
M5 0.0062 6.636 21 0.0110 3 0.827 4 59 8
M6 0.0029 3.636 12 0.0195 12 0.821 5 58.5 7
M7 0.0022 3.000 9 0.0187 11 0.768 14 44 6
M8 0.0105 10.545 22 0.0808 23 0.577 23 103 23
M9 0.0018 2.636 8 0.0156 7 0.798 8 76.5 16
M10 0.0056 6.091 19 0.0110 4 0.815 7 77 17
M11 0.0121 12.000 24 0.0098 2 0.827 3 95.5 20
M12 -0.0033 2.000 7 0.0150 6 0.833 2 43.5 5
M13 0.004 4.636 15 0.0181 10 0.792 9 101 21
M14 -0.0011 0.000 1 0.0204 15 0.768 13 68.5 12
M15 0.0109 10.909 23 0.0288 18 0.702 19 101 21
M16 -0.0002 0.818 4 0.0363 20 0.696 20 62 10
M17 0.0007 1.636 6 0.0079 1 0.851 1 32 1
M18 0.0054 5.909 18 0.0767 22 0.625 22 68 11
M19 0.0023 3.091 10 0.0165 8 0.792 9 32.5 2
M20 -0.0025 1.273 5 0.0200 14 0.756 15 73 15
M21 -0.001 0.091 2 0.0181 9 0.750 17 72 14
M22 0.0031 3.818 13 0.0265 17 0.744 18 82 18
M23 0.0028 3.545 11 0.0317 19 0.756 15 68.5 12
M24 0.0034 4.091 14 0.0260 16 0.774 12 59 8

66



120

M1
M13 M15 M8

100 ma M
M22
M9 M10
80 M20
M18M14M23M21
M6 M24 M5 M
60
M12 M7
M2

40 pm17M19 M3

) I I I I

0

1 2 3 4 5

8 10 11 12 12 14 15 16 17 18 19 20 21 21 23 24
GCMs final ranking

Final score

Figure22 GCMs ranking results for the Southern climatic region under RCP®ételichange scenario
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Considering the results of the BS anghsanalyses, M7is the best performing model
for theSouthern climatic region under RCP 2.6 forcing scenario, whilésNtie worst
performing. BS values ranged from 0.0079 to 0.12@iere a smaller value indicates a better
replication of observed dat&corevalues ranged from 55.86t085.12%, where models with a
higher score show more overlap with the historical climate patterns. The ¢epdttasets
selected for modeling under the RCP2.6 scenario for Southeratic region are M1, M19,
and M3.These models produced BS values of 0.0097, 0.0146, and 0.0105, respectively. Their
SscorevValues were85.1%, 79.2%, and 82.1 %, respectively. Though tkgrsfor model M19 is
slightly below 80% we can still accept it due to its overall performance in ctagistical
measuresStatistical analysis results for other RCP scenarios in the Southern climatic aeg

shown the Appendix.

Table14 Accepted GCMs for the Southern climatic region

RCP forcing scenario Accepted GCMs ID
RCP2.6 M17, M19, M3
RCP4.5 M3, M12, M7
RCP6.0 M3, M19, M2
RCP8.5 M3, M7, M2

4.3 2017-2050 Simulationt assess influence of Future Rainfall Patterns on Groundwater
Dynamics
4.3.1 Methods

Future simulated climate data was extracted from the CMIP5 datadstatistically
assessed and rankkxt four representative concentration pathway (RCP) forcing scenarios. The

top three CMIP5 GCMs were chostem each RCP forcing scenaffiar use in the future
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SEAWAT modelsimulations extending from 2017 to 2050. The top three models chusen
the ability to accurately replicate historical climate patterns, and hencerihesliable in
forecasting future conditions.

The depth of recharge to the$hwater lens was calculated for eawmth of the study
period using constant percentages for each region following thersatmadology described in
Chapter 3. Future recharges each forcing RCP scenarigere assigned to the calibrated
models for each island. Thaselinesalt concentration®r each griecellswere assigned for
each simulation as the initial condition. The future climatic models were rfiouioyears
(2013-2017}0 allow salt concentten and groundwater heads to spin-up. The results of the
future models runs are presented in the followingsediions to give a detailed overview of
how variable climate conditions may affect the fresh groundwater bigylan both the
Northern andhe Southern climatic regions of the Republic of Maldives atoll islandext few

decades

4.3.2 Results

4.3.2.1 Simulated Lens Volume for the RCP2.6 Forcing Scenario

Simulation results for available fresh groundwater volume for all islands irclmitic
region are presented in this section for the period of 2017-2050 under the RCP2.6 forcing
scenario The best three climatic models resulted from the statistical assessragmeious
section aremployedo calculate recharge forcirigr the malels.Figures24-25show the time
seriedfluctuationfor the fresh groundwatenlumes in all islands as well as the frequency

distribution plots. Table 15 shows the fresh groundwater lens statistics facthesknd.
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Table1l5 Summary statistics of fresfaterlens volumg(in million cubic metersiiuring the 20172050 period for the selected
islands mder RCP2.6 climate change scenario

Island GCM ID Min Max Mean Median
N. Holhudhoo M18 0.184 0.474 0.310 0.301
M19 0.123 0.281 0.210 0.212
M4 0.096 0.261 0.194 0.198
N. Velidhoo M18 0.674 1.434 1.020 1.017
M19 0.600 1.056 0.822 0.826
M4 0.636 0.962 0.796 0.794
GDh. Thinadhoo M17 5.43 7.58 6.55 6.57
M19 4.88 7.10 5.92 5.94
M3 5.07 7.26 6.00 6.00
L. Gan M17 48.94 63.04 56.19 56.06
M19 44.94 58.75 51.82 51.65
M3 45.09 61.18 51.83 51.84

walimo (in'y
vohmne (')

waler lesis

Presh groundwirter laes

Jan-17 Dec-21 Dec-26 Dee-3l Dec-36 Dec-41 Dec-4t lap-17 Dee-21 Dec-it Dea31 Dec-3t Dec4l Dec-46

= W15 model o R 10 mod] M4 madel o M 18 muoddel = M 19 modal o N4 model

]
Millions
=]

Millions

sl (i)

vilume (m')

oot lens v
Fresh promndwuler lens

Vressh

= M17 model o M 19 me] o M3 model o 17 model o MI19 model *— M3 model

Figure24 Time series of the fluctuation in freshwater lens volum@im\. HolhudhooB. N. Velidhoo.C. GDh. Thinadhoo,
andD. L. Gan for the periobetween 200-2050 under RCP2.6 climate change scanario
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Figure25 Frequency distribution fot the freshwater lens volumedinN. HolhudhooB. N. Velidhoo.C. GDh. Thinadhoo, and
D. L. Gan for the period between ZB2050 undeRCP2.6 climate change scanario

Figure 21A shows the time series fluctuati@r fresh groundwater lens volume for N.
Holhudhoo Islandinder differentGCMs forcingin the RCP2.6cenariolt is noted that there is
a strong variability in the simulated lens volumes from different models for th#itislauad in
particular due to its small area and this makes it more vulnerable to climate elsatige
strongly affected by changing rainfall patte. Figure 25A shows the frequency distribution for
the fresh groundwater volunre N. Holhudhoo Island. Mainly, the predicted fresh groundwater
volumes in N. Holhudhoo Island are in the 150-250 thousand cubic meatgebased on M19,
and M4 models. Model M18 predicts freshwater volumes could reach up to 450 thousand cubic
meterswhich is relativelya high forecast. Generally, fresh groundwater lens volume values are
mostly clustered towards the center of the range of valugshey can be classified as normally

distributed.
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Figure 21B corresponds tthe time series fluctuatidior fresh groundwater lens volume
for N. Velidhoo Island under different GCMs forcing in REP2.6 scenario. It noted that the
variability in the simulated lens volumes from different models is less thanswblagerved in
N. Holhudhoadslandas N. Velidhodslandis bigger in area. These results indidatt N.
Velidhoolslandvulnerabilityto changingainfall patternsessthan N. Holhudhodsland. Figure
25B shows the frequency distribution for the fresh groundwater volume for N. Velslaad
Mainly, the predicted fresh groundwater volumes in N. Velidhoo Island are in the 700-1000
thousand cubic meters rangased orM19, and M4 models. Model M18 is also predicting
higher freshwatevolumes could reach up to 1400 thousand cubic meters which is relatively
high forecastThe statistical analysis for different models outcomes shows that the median
available fresh groundwater volume willtriedeplete below 794 thousand cubic meters in
worst cass. Figure 21C shows the time series fluctuatitor fresh groundwater lens volume for
GDh. Thinadhodslandunder different GCMs forcing in the RCP2.6 scenario. Unlike the
northern region islands, it is observed that there is no strong variability in thiatsidiresh
lens volumes from differel@CMsas GDh. Thinadhoo Islans a fairly big in areand this
makes it less vulnerable to climate changé alightly affected by changing rainfall patterns.
Figure BC shows the frequency distribution for the fresh groundwater volume for GDh.
Thinadhoo Island. Mainly, the predicted fresh groundwater volumes are norns#tiyuded and
are in the 5 million cubic meters. Model M17 predicts thathin more than 50% of the study
period, the freshwater lens volume would be above the 6.5 million cubic meters mark.

Figure 21D corresponds tthe time series fluctuatidior fresh groundwater lens volume
for L. Ganlsland the biggest modeled island, under different GCMs forcing in the RCP2.6

scenariolt notedthat the variability in the simulated lens volumes from different modétsss
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than what is observed theNorthern climatiaegion islandsThese redts indicatel.. Ganis
lessvulnerable to changinginfall patterns as hasrelatively abig area Figure 25D shows the
frequency distribution for the fresh groundwater volumk.iGanlisland Generally the

predicted fresh groundwater volumed.inGanlsland are in thd7-57million cubic meters

range as predicted 19, and M3 models. Model M17 is predicting higher freshwater volumes
couldreachup to 64million cubic metershresholdwhich is relativelya high forecast. The
statistical analysisof different models outcomes shows that the median available fresh
groundwater volume will nalepletebelow44 million cubic meters in worst case8verage

volumes for L. Gan Island from different GCMs are between 51 amailb6n cubic meters

4.3.2.2Simdated Lens Volume for the RCP4.5 Forcing Scenario

Simulation results for available fresh groundwater volume for all islands in botticlim
region are presented in this section for the period of 2017-2050 under the REEAD
scenario. The beditee climatic models resulted from the statistical assessmamirevious
section are employed to calculate recharge forcing for the models. Figu2@sRow the time
series fluctuation for the fresh groundwater volumes in all islands assitbi requency
distribution plots. Table 16 shows the fresh groundwater lens statistics facthesknd.

Results from the RCP4.5 forcing scenario presentéusrsectionwhich isan
intermediate climate change scenario, where mitigation policies are imposed, hnGvben
House Gases emissions are restrained and the radiative forcing stabilised/atrdat year

2100.
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Table16 Summary statistics of fresfaterlens volumein million cubic metersiluring the 20172050 period for the selected

islandsunder RCP4.5 climate change scenario

Island GCM ID Min Max Mean Median
N. Holhudhoo M18 0.143 0.411 0.273 0.275
M19 0.211 0.394 0.309 0.308
M8 0.061 0.277 0.180 0.184
N. Velidhoo M18 0.652 1.042 0.840 0.831
M19 0.895 1.563 1.180 1.187
M8 0.414 1.071 0.724 0.732
GDh. Thinadhoo M12 4.82 6.92 5.93 5.96
M7 4.46 6.85 5.69 5.68
M3 5.04 7.31 6.12 6.13
L. Gan M12 48.81 62.26 55.66 55.68
M7 40.71 58.01 50.10 50.06
M3 45.56 62.71 53.45 53.53
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Figure26 Time series of the fluctuation in freshwater lens voluméirN. HolhudhooB. N. Velidhoo.C. GDh. Thinadhoo,
andD. L. Gan for the peoid between 200-2050 under RCP4 &limate change scanario
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Figure27 Frequency distribution fot the freshwater lens volume\inN. HolhudhooB. N. Velidhoo.C. GDh. Thinadhoo, and
D. L. Gan for the peod between 2032050 undeRCP4.5climate change scanario

Figure BA shows the time series fluctuati@or fresh groundwater lens volume for N.
Holhudhoo Islandinder different GCMs forcing in the R@B scenario. It iobserved in this
forcing scenaridhat there is a strong variability in the simulated lens volumes from different
models for that small island in particular due to its small ateéah emphasizes the observed
response for the fresh groundwater lens found in RCP2.6 forcing scenariosamaklghis
small islandmoreproneto climate changeffects as it strongly affected by changing rainfall
patterrs. Model M8 predicts heavy drought periods where freshwater lens could drop below 80
thousand cubic meters, which puts the availability of freshwater in this islandaselérus
threat Figure ZA shows the frequency distribution for the fresh groundwater volume for N.
Holhudhoo Islandinder RCP4.5 forcing scenario. Mainly, the predicted fresh groundwater

volumes in N. Holhudhoo Island are in the 150-250 thousand cubic meters range, however, the
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worst long term freshwater lens average predicted by RCP4.5 models is 180 thousand cubi
meters which is the worst long teraverage predicted @l RCP scenarios

Figure BB showgo the time series fluctuatidior fresh groundwater lens volume for N.
Velidhoo Island under different GCMs forcing in the RCP4.5 scenario. It notedhéhamctdel
M19 is constantly overestimate available freshwater other than the other twis iihti& and
M8). Figure 27B shows the frequency distribution for the fresh groundwater volume for N.
Velidhoo Island. Mainly, the predicted fresh groundwater volumes in N. Velidharadigire in
the600-1000 thousand cubic meters range from M18, and M8 models. Model M18 is predicting
higher freshwater volumesith median volume exceeds 1150 thousand cubic meters which is
relatively ahighforecast. The statistical analysis for different models outcomes showsethat th
median available fresh groundwater volume will notlbpletebelowapproximatelyt14
thousand cubic meters in worst cases wigdbss than what is predictéy RCP2.6.
Figure BC shows the time series fluctuation for fresh groundwater lens volume for GDh.
Thinadhoo Island under different GCMs forcing in the RCRdeénarioThere is no strong
variability in the simulated lens volumes from different as GDh. Thinadhoo lalzhtie
volume of the freshwater lens is fairly big in approximately all simulation periadder all
models forcing, except a notable lens depletion forecasted by M7 models whem@ uems
could deplete slightly below.5 million cubic metersFigure ZC shows the frequency
distribution for the fresh groundwater volume for GDh. Thinadhoo Island. Mainly, tHe{ee
fresh groundwater volumes are normally distributed andlasteredn the 5-7million cubic
metersbins. Model M3predictsthatfreshwatewvolumes in the study period would be higher
than other two models forecasts, hence the frequency distribution for M3 is sketvedight.

Thefreshwater lens volume would be above themailéon cubic meters marknore tharhalf of
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the study period-igure 27D shows to the time series fluctuation for fresh groundwater lens
volume for L. Gan Island, the biggest modeled island, under different GCMs forchng in t
RCP4.5scenario. Different GCMs forecasts are bracketing future predicted freshwoaime
between 40 and 63 million cubic meters. Model M7 forecasts that L. Gan Island mayoade
severe drought condition where freshwater lens may drop as low as 40 million etdis.m
Figure BD shows the frequency distribution for the fresh groundwater volumeGanisland
Generally, the predicted freshogindwater volumes in L. Gdsland areabove 50million cubic
metersmark most of the study periokllodels M12, and M3 forecasts that tlieshwater lens

could exceedhe 62 million cubic meters.

4.3.2.3Simdated Lens Volume for the RCP6.0 Forcing Scenario

Simulation results for available fresh groundwater volume for all islands in botticlim
region are presented in this section for the period of 2017-2050 under the REEIGD
scenario. The best three climatic models resulted from the statistical assessnpeavious
section are employed to calculate recharge forcing for the models. R2§28&show the time
series fluctuation for the fresh groundwater volumes in all islands assatbi requency
distribution plots. Table 17 shows the fresh groundwater lens statistics facthesknd.
Results from the RGR0forcing scenario presented img sectionwhichis arotherintermediate
climate change scenario, where mitigation policies are imposed, in which Gresa Bases

emissions are restrained and the radiative forcing stabilife@ \At/m? after 2100.
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Tablel7 Summary statistics diestwaterlens volumein million cubic metersiluring the 20172050 period for the selected

islandsunder RCP6.0 climate change scenario

Island GCM ID Min Max Mean Median
N. Holhudhoo M18 0.162 0.422 0.300 0.304
M19 0.210 0.416 0.315 0.313
M4 0.132 0.239 0.195 0.202
N. Velidhoo M18 0.631 1.393 1.008 1.013
M19 0.884 1.585 1.187 1.187
M4 0.657 0.938 0.785 0.781
GDh. Thinadhoo M2 4.11 6.11 5.00 4.98
M19 4.69 6.55 5.62 5.61
M3 4.79 7.42 6.08 6.12
L. Gan M2 38.93 53.28 44.99 44.92
M19 41.35 55.26 48.14 48.17
M3 43.57 61.77 52.58 52.73
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Figure28 Time series of the fluctuation in freshwater lens volum@ir\. HolhudhooB. N. Velidhoo.C. GDh. Thinadhoo,
andD. L. Gan for the peod between 200-2050 under RCP6 €limate change scanario
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Figure29 Frequency distribution fot the freshwater lens volumeAinN. HolhudhooB. N. Velidhoo.C. GDh. Thinadhoo, and
D. L. Gan for the peoid between 203-2050under RCP6.@limate change scanario

Figure BA shows the time series fluctuation for fresh groundwater lens volume for N.
Holhudhoo Island under different GCMs forcing in the RCP6.0 scenario. It is obseat@al
this forcing scenaridhere isalsoa strong variability in the simulated lens volumes from
different models for that small island in particular due to its small area which amgshtee
observed response of the fresh groundwater lens found in in RCP2.6 forcing s@amhrio
RCPA4.5 forcingscenaricandthis makes this small island more prone to climate change effects as
it strongly affected by changing rainfall patterns. Moddl8\redictantermittent relative
drought periods, however freshwater lens volume in these drought periods is ap@igX@®@t
thousandtubic meters whicks comparable to what lsér models predict for the same island in
wet seasonsThis observation reflects the high variability in forecasts associated with N
Holhudhoo Island due to its sméhd areaFigure DA shows the frequency distribution for the
fresh groundwater volume for N. Holhudhoo Island under RCP6.0 forcing scenario. Mainly, the

predicted fresh groundwater volumes in N. Holhudhoo Island are in the 200-300 thousand cubic
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meters range, however, the worst long term freshueteraverage predicted by RCP6.0 models
is 195 thousand cubic meters which is slightly below than the worst long term averageegdredi
by RCP2.6 models.

Figure BB shows to the time series fluctuation for fresh groundwater lens volume for N.
Velidhoo Island under different GCMs forcing in the RCP&@nario It noted that the model
M4 is generallyunderestimatingvailable freshwater other than the other two models (M18 and
M19). Figure BB shows the frequency distribution for the fresh groundwater volume for N.
Velidhoo Island. Mainly, the predicted fresh groundwater volumes in N. Velidheradisire in
the800-1250 thousand cubic meters. Model M19 is predicting higher freshwater volitines w
median volume exceeds8d thousand cubic meters which is relatively high forecast. The
statistical analysis for different models outcomes shows that the median aviadsble
groundwater volume will not be deplete below approximately 631 thousardnoaters in
worst cases whicis betterthanthe minimum valugredicted fronRCP2.6.

Figure BC shows the time seridésictuation for fresh groundwater lens volume for GDh.
Thinadhoo Island under different GCNiscing in the RCP® scenario. Unlike the northern
region islands, GDh. Thinadhoo Island hdaidy largevolume of freshwater in approximately
all simulation period in under all models forcing, except a notable lens depletcadted by
M2 models where lens volume could be as low asMllibn cubic meters. Figure9Z shows
the frequency distribution for the fresh groundwater volume for GDh. Thinadhoo Islamily,Ma
the predicted fresh groundwater volumes are normally distdband are clustered in theés5
million cubic meters bindModel M3 forecasts freshwater volumes in the study period would be

higher than other two models forecasts, hence the frequency distribution for ké8vexdsto the
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right. The freshwater lens volume would be above the @ifi®n cubic meters mark nte than
half of the study period.

Figure BD shows to the time series fluctuation for fresh groundwater lens volume for L.
Ganlslandunder different GCMs forcing in the RCP&g&enario. Different GCMs forecasts are
bracketing future predicted freshwater volume betvad828 and 61.Tillion cubic meters.

Model M2forecasts that LGan Island may undergo severe drought conditidrese freshwater
lens may drop below 3®illion cubic meters. Figure2D shows the frequency distribution for
the fresh groundwater volumelin Ganlsland Generally, the predicted freshogndwater
volumes in L. Garsland are abové5 million cubic meters mark ost of the study period.

Model M3 forecass that the frehwater lens could exceed therfillion cubic meters.

4.3.2.4 Simulated Lens Volume for the RCP8.5 Forcing Scenario

Simulation results for available fresh groundwater volume for all islands in botticlim
region are presented in this section for the period of 2017-2050 under the REEBDH
scenario. The best three climatic models resulted from the statistical assessnpeavious
section are employed to calculate recharge forcing for the models. F3geBéshow the time
seres fluctuation for the fresh groundwater volumes in all islands as well agdouency
distribution plots. Table 18 shows the fresh groundwater lens statistics facthesknd.
Results from the RGE5 forcing scenario presented in this section, whithefigh emission

climate change scenariwhere radiativdorcing is expected to reach 8.5 W/by year 2100.
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Table18 Summary statisticéreshwaterlens volumein million cubic metersyluring the 20172050 period for the selected

islandsunder RCB.5 climate change scenario

Island GCM ID Min Max Mean Median

N. Holhudhoo M8 0.068 0.292 0.181 0.184
M19 0.226 0.398 0.314 0.312
M4 0.113 0.245 0.199 0.205

N. Velidhoo M8 0.402 1.089 0.738 0.734
M19 0.901 1.497 1.174 1.172
M4 0.636 0.972 0.799 0.800

GDh. Thinadhoo M2 3.96 5.95 4.99 4.98
M7 5.13 7.39 6.15 6.10
M3 5.07 7.26 6.00 6.00

L. Gan M2 37.47 51.95 44,72 4471
M7 45.75 61.80 52.86 52.95
M3 45.09 61.18 51.83 51.84
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Figure30 Time series of the fluctuation in freshwater lens volum@im\. HolhudhooB. N. Velidhoo.C. GDh. Thinadhoo,
andD. L. Gan for the peod between 201-2050 under RCP8.8imate change scanario
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Frequency

Figure31 Frequency distribution fot the freshwater lens volumedinN. HolhudhooB. N. Velidhoo.C. GDh. Thinadhoo, and
D. L. Gan for the peod between 2012050 under RCP8.8limate change scanario

Figure 3@\ shows the time series fluctuation for fresh groundwater lens volume for N.
Holhudhoo Island under different GCMs forcing in the RCR8énario. There are big
differences in forecasts produced by different GCMs forcing which enz@sashat was
observed for the same island in other RCP scenarios simulated. This strong tyamaibdis this
small island more prone to climate change effects as it strongly affected lmynchemnfall
patterns. Model M predicts intermittent relativeleveredrought periods wheifeesh lens
volume may drop to 50 thousand cubic meters, on the other hand, M8 model predicts freshwater
volume to be more than 250 thousand cubic meters in the wet seasons. This strong seasonality
trend in the available freshwater lens volume urges the need ohierpiieg water management
practices to secure adequate freshwater resgrgevere drought conditions. FigureA3ghows
thefrequency distribution for the fresh groundwater volume for N. Holhudhoo Island under

RCP8.5 forcing scenario. Mainly, the predicted fresh groundwater volumes in N. Holhudhoo
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Island are in the 200-300 thousand cubic meters range, however, the worst lofngdiewate
lens average predicted by RCP8.5 models is 181 thousand cubic meters which ysogightl
than the worst long term average predicted by RCP2.6 models.

Figure30B shows the time series fluctuation for fresh groundwater lens volume for N.
Velidhoo Islandunder diferent GCMs forcing in the RGF5 scenario. It noted that the model
M19 is generallyoverestimating available freshwater other than the other two modé&sd
M4). Model M8 predicts that the freshwater lens volume would have a strong seadoeradity
Figure31B shows the frequency distribution for the fresh groundwater volume for N. Velidhoo
Island. Mainly, the predicted fresh groundwater volumes in N. Velidhoo Island are in the 700
1000 thousand cubic metefihe statistical analysis for different models outcomes shows that
theminimumavailable fresh groundwater volume will not be deplete below approximately 400
thousand cubic meters in worst cases which is 30% less than the minimum valuegfeticte
RCP26 forcing scenario. The difference in minimum values shows the urgent need of imposing
climate change mitigation, and emission control policies in the study area

Figure30C shows the time series fluctuation for fresh groundwater lens volume for GDh.
Thinadhoo Island under défent GCMs forcing in the RCP8sBenariolt is observed that there
uncertainties in predicting freshwater lens volumes. While model M2 forecafettavater
lens volume could drop to the 4 million cubic meters mark, modelad™3 forecast the
freshwater lens will not drop below the 5 million cubic meters threshold. Theseaimoestin
models forecasts come from uncertainties in expected rainfall (freshwaiagjahat the island
would receive if no climate change mitigation policies were imposegure 31T shows the
frequency distribution for the fresh groundwater volume for GDh. Thinadhoo Island. Mamly

predicted fresh groundwater volumes are normally distributed and are exlisténe 4-6
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million cubic metersins and are normally distributethe statistical analysis for different
models outcomes shows that the median freshwater lens volume would not be less than 4.978
million cubic meters.

Figure 3@ showsto the time series fluctuation for fresh groundwétes volume for L.
Gan Island under different GCMs forcing in the RCP&&nario. Different GCMs forecasts are
showing that future predicted freshwater volume could drop to 37.4 million cubic metehssand t
value the minimum value in all forecasts undkforcing scenarios and i¥% less than the
minimum freshwater lens value forecasted by RCP2.6 scefagioe31D shows the frequency
distribution for the fresh groundwater volume L. Gan. Genernallthis high emission scenario,
the distribution of the freshwater volume is clustered in the minimum range and lengsolum

below 45 million cubic meters would become more frequent.

4.3.2.5 Results hkertainty

As shown in the previous sections, simulations results for the future status of the
freshwater volume showed considerable ranges of variability. Results foesisiaihds showed
stronger trends of variability which emerges the issue of forecastBigli In this section,
results statistics for each modeled are grouped and sholables 1922 to get a better
interception This is important because the scenario that will actually happen is not known, and
hence the 12 model simulations (4 RCPs, wihCGMs each) span the probable range of future

lens volume possibilities. This may also quantify the wide uncertainty in futow@dwvater

supply.
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Table19 Smulated freshwater lenlume (in million cubic metersgtatistics for N. Holhudhoo Island under all RCPs scenarios

RCP GCM Min Max Mean Median Std.
ID Dev.

M18 0.184 0.461 0.310 0.301 0.062

2.6 M19 0.130 0.281 0.210 0.210 0.031

M4 0.111 0.247 0.199 0.203 0.027

M18 0.143 0.411 0.273 0.275 0.049

4.5 M19 0.211 0.394 0.309 0.308 0.035

M8 0.061 0.277 0.180 0.184 0.046

M18 0.162 0.422 0.300 0.304 0.050

6.0 M19 0.210 0.416 0.315 0.313 0.036

M4 0.132 0.239 0.195 0.202 0.025

M18 0.068 0.292 0.181 0.184 0.050

8.5 M19 0.226 0.398 0.314 0.312 0.036

M4 0.113 0.245 0.199 0.205 0.028

Table20 Smulated freshwater lenslume (in million cubic metersgtatistics for N. Velitioo Island under all RCPs scenarios

RCP GCM Min Max Mean Median  Std. Dev

ID

M18 0.674 1.434 1.020 1.017 0.168

2.6 M19 0.600 1.056 0.822 0.826 0.098

M4 0.636 0.962 0.796 0.794 0.077

M18 0.652 1.042 0.840 0.831 0.091

4.5 M19 0.895 1.563 1.180 1.187 0.137

M8 0.414 1.071 0.724 0.732 0.120

M18 0.631 1.393 1.008 1.013 0.150

6.0 M19 0.884 1.585 1.187 1.187 0.141

M4 0.657 0.938 0.785 0.781 0.067
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M18 0.402 1.089 0.738 0.734 0.147

8.5 M19 0.901 1.497 1.174 1.172 0.141

M4 0.636 0.972 0.799 0.800 0.076

Table21 Smulated freshwatdens statisticsolume (in millioncubic metersjor GDh. Thinadhodsland under all RCPs
scenarios

RCP GCM Min Max Mean Median  Std. Dev
ID
M17  5.43 7.58 6.55 6.57 0.48
2.6 M19  4.88 7.10 5.92 5.94 0.42
M3 5.07 7.26 6.00 6.00 0.43
M12 4.82 6.92 5.93 5.96 0.40
4.5 M7 4.46 6.85 5.69 5.68 0.49
M3 5.04 7.31 6.12 6.13 0.43
M2 4.11 6.11 5.00 4.98 0.40
6.0 M19  4.69 6.55 5.62 5.61 0.34
M3 4.79 7.42 6.08 6.12 0.48
M2 3.96 5.95 4.99 4.98 0.40
8.5 M7 5.13 7.39 6.15 6.11 0.47
M3 5.07 7.26 6.00 6.00 0.43

Table22 Smulated freshwater lens statistasiume (in million cubic meterdpr L. Ganlsland under all RCPs scenarios

RCP GCM Min Max Mean Median  Std. Dev

ID

M17 48.94 63.04 56.19 56.06 3.12

2.6 M19 44.94 58.75 51.82 51.65 2.86

M3 45.09 61.18 51.83 51.84 3.05
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M12 48.81 62.26 55.66 55.68 2.80

4.5 M7 40.71 58.01 50.10 50.06 3.32

M3 45.56 62.71 53.45 53.53 3.25

M2 38.93 53.28 44.99 44.92 2.75

6.0 M19 41.35 55.26 48.14 48.17 2.75

M3 43.57 61.77 52.58 52.73 3.49

M2 37.47 51.95 44.72 44.71 2.87

8.5 M7 45.75 61.80 52.86 52.95 3.40

M3 45.09 61.18 51.83 51.84 3.05

4.4 Discussion and Conclusion

The future veume of the freshwater lens provides water managers and policy noakers
atoll islands nations with substantiaformation about water resourcasstainability and
sufficientliving conditions. Annual recharge rates have significaffectin developing adequate
freshwater volumes. If these rates drop below long term averages, theatesslens may
become consishtly too thin to support groundwater extraction as recharge rates may become
insufficient to compensate extracted water volumes.

In this chapter, Global Circulation Mod€lSCMs)datasetsvere employed to investigate
the potential effect of variable rainfgbatterns, and consequently freshwater recharge rates, on
the future status of freshwater lens in #tell islandsof the Republic of MaldivesTo capture
all possible scenarios of anticipated climate change, different expect@ti@nsenhouse gases
(GHGs) are modeled by different representative concentration pathR@Ps.RCPs are
labeled according to each scenario’s target radiative forcing by 2100. Thenhiggions
scenario is represented by RCP8.5, in which radiative forsiagpected to reach 8.5 Wiy
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year 2100. RCP6.0 is an intermediate emissions scenario, where the radiatnggifoticis
scenario stabilizes at 6 W#rafter 2100. Another intermediate climate chasgenario, where
mitigation policies are imposed, rigpresented by RCP4.5, in which GHésissions are
restrained and the radiative forcing stabilizes at 4.5 3%sfrgear 2100. Extreme climate change
mitigation, where effective policies are strictly enforced, and lifestyd@gh is accommodated
to reduce geenhouse gases emissions, is represented by RCP2.6, in which radiative forcing
peaks at 2.6 W/fmear 210(Taylor et al, 2012).

GCMsforecasts associated with different RCPs were statistically analyzed tmiteter
the best models which could reprodingtorical rainfall rates on two climatic regions in the
study area. The statistical analysis technique adopted was based on theysbetlaaen GCMs
and historical rainfall data in various statistical measures and weights a#li$edalel0.
Figures20 and 2Xhow the statistical analysis results for both climatic regions considered.
Tables 12 and 14 summarize the selected GCMs for climate change analysis irteenNod
the Southern climatic region&CMs rainfall datasets were utilizeal ¢alculate future recharge
rates for the selected islds for the period of 2017-2050.

Future recharge rates were used as inputs to the calibrated islands modefsedane
Chapter 3 to simulate future freshwater lens volumes in the selected islasels$ . dBahe
outputs of these simulations, islands communities can prepare themselves to edatamm
possible freshwateatepletion, and to adapt the best management plans to secuwesuffi
freshwater supply as climate conditions charigis concluded tat small islands communities
are more vulnerable to climate change conditidhe predicted freshwater volumes these
islands have strong variability in small islands (N. Holhudhoo and N. Velidhoo). Thae#le sm

islands in term of their lanarea are sastantially affected as they respond quickly to any change
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in precipitation (consequently recharge) quickly. The amount of freshwater welgichrges the
freshwater lens in the stgurface is dependent on the amount of rainfall and land surface area.
Due to the small land surface area, any change in rainfall pattern contrilgniéGsastly in
freshwater lens depletion. On the other hand, larger islands are lesscElffechanging rainfall
pattern, as their large surface areas relatigielninateover changing rainfall rates

The frequency distribution analysis showed that thez@o big differences in forecasts
associated with different RCPs, however, in the high emission scenario, theitisstrof the
freshwater volume is clustered in the minimum ranges and minimum freshwatgaleas
would be more frequent, and higher seasonality is expected as values strongéyfamvidong
term averagefesults from the 2017-2050 simulations stibatthe pattern and the expected
ranges for the freshwater volume will not significantly changed, as moaihfglt rates patterns
are smilar to historical rates bottpeographic region of the Republic of Maldives. However, the
selectedsCMs used in thistudy predict avide range of monthly rainfall. Hendeéresh
groundwater volumesayhave strong variabilitguring the coming decadeRhis expected
strong variability may put available freshwater resources under serioatsttirie combined

with other climatic or anthropogenic stresses.
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CHAPTER 5. ESTIMATION OF FUTURE FRESHWATER LENS VOLUME UNDER

THE EFFECT OF SEA LEVEL RISE CONDITION

In this chapter the fresh groundwater lens fluctuasassessed undere effect of
possible sea level rise scenari@zalibrated models for the islands N Holhudhoo, N. Velidhoo,
GDh. Thinadhoo, and L. Gan (see Chapter 3) and future rechates estimated using GCMs
(see Chapter Breused tadeterminghe effect of shoreline recession and beacindation due
to sea level rise on the freshwater lens for the four study islands to quaniigyfiesh

groundvateravailability undewarious sea level rise scenarios

5.1 Introduction

Sea level rise (SLR) is considered as a serious climate change induced threat on coastal
and island aquifers. Seawater moves landward on the beachiigadiag to a decrease in total
land surface and cross-section widths of islands and promotimgsalintrusionn the
underlying aquifer systenResearchertypically investigatehe interaction betweeésLR and
seawater intrusion either by studying fivreblem on @eneralized schen{e.g.Werner and
Simmons, 2009)r on site pecific approaclie.g.SherifandSingh, 1999)

The main task of research in this chapter is to run numeimoalations to quantify the
amount of freshwater that will be lost due to 8idr-induced decrease in islands widths.
Different rates of sea level rise will be consideaed, since beach slope determines the extent of
shoreline inundation, several beach slopes also will be considered. It is expattad amount

of freshwater will decrease drastically if significant reductionsland width occur. Th8LR
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simulatiors will be coupled with the climatic conditions foreca@se Chapter 4pr the period

of 2017-2050.

5.2 Sea Level RiseCauses Rates,and Consequences

Sea level rise is the increase of the mean high tide level over years,cotidihe a
result of glacier melt due to iresised temperatures over yearsyater expansion due to
increasing seawater temperat(iranan and Nordstrom, 1971; Church et al.,199&h levels
around the world are rising; current sea level risemqtal may affecpeopk living in coastal
communitiesand ecosystems. A study condudbgdChurchandWhite (2006) showed that sea
level rose 195 mm on average globally between 1870 and @004 study conducted by
NichollsandCazenav¢2010) showedhat the average annual increase in the sea level was
measured to be 1.7 + 0.3 rfywar using tide gauge measuremavitde recentsatellite images
data showing a rise rate of 3.26 mm/year. In addition to that, the study points otdlthat a
islands in the Indian Ocean, for example the islands of the Maldives, are among co@smuni
most vulnerable to coastal flooding by future relative, or climate induced SLR.

Sea level risestimates for th&®epublic of Maldives are highly variable. Conservative
forecasts expedea level to rise at a rate of 1.0 mm/yr (Church et al., 2006). On the other hand,
aggressive forecasts expect sea leveke at arate of 6.5 mm/yr (Woodworth et al., 2002).

Other researchers (Kha al., 2002) reported a rate of 4 mm/yr for the islands of Male and Gan
in Kaafu and Addu atolls respectiveRdrryet al., 2007). Another study conducted by
Woodworth (2005%tateshat a50 cm sea level rise during the*a®entury is a reasonable
scenario Hgure 32 shows a schematic illustration for the sea level rise evolution in thanmhst

how scientists predict future leval§sea levels
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Figure32 Schematic illustration forlgbal mean sea level evolution otene andhow scientist predictions for the future trends
of sea level rise varyrheblack curve represents recorded sea levels, the red curve reflects accelerated sea lated,rand the
yellow curve represents conservative sea level rise forecasts

As sea level rises, drdepending on beach slope,water mayinundatecoastalareas
leading to beachlirerecesion. The movement adie beaclne in the landward direction will
leadto a reduction in island surface area. Consequently, and as island’s surfacecezaaas,
the total amount of freshwater received as a recharge will eventually deédsas¢he smaller
land surface area lowers the water table in the middle of the island, and henceltihg resu
thickness of the lens. With the boundary conditions for head set to sea level at the slioeeline
water table is not able to mound as much.This reduction in the freshwate sdich feeds the
freshwater lens will put it under a serious threat depending on the percentagelahtharisa
that may be inundated. A study condudbgdailey et al.(2015)used a simplistic algebraic
model to simulate the future stawfsfreshwater lens under the effect of sea level isthe

Republic of Maldives concluded thihie average percent decrease in freshwater lens thickness,
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lens volume, and safe yield is approximately 10, 11, and 34%, respeciikelpaper employed

a variety of reported beach slopegstimate the percent of island atleat mightbe inundated.

5.3 Previous Efforts inModelling Sea Level Risémpact on Fresh Groundwater Resources
on Small Islands

There have been numerous studies relating sea level rise phenomena and the ¢onsequen
hydrological impact due to seawater intrusion problem in coastal aquifenserageand in
small island aquifers in particular. The seawater intrusion problem caused bgvel rise has
multiple contributing factors influencing its extent. These factors inclua&gographic slope
of the beach, variable sea level rise rate, future recharge pattern, and thecexastextensive
pumping stress near the beach areas. In particular, small islands arsauimies threat of sea
level rise effect because of their flat topography where significaridaridce inundation can
occur(Falkland, 1991, Bricker, 2007). A study published by Ataie-Ashtiani et al. (2013) points
out that most of the work done on unconfined aquifers, to quantify sea level impact, ignored
beachline recession and the consequent land surface inundation and most of that previous work
focused on pressure changes in the coastlines. The authors showvieel drad surface
inundation promotes more extensive seawater intrusion than atmospheric pressgescThe
authors emphasized the need to research the combined effect of sea level rise and climate
change.

Sherif and Singh (199%yere one of the firstesearcherso providepredictive case
studies of sea level rise impact on seawater intrusion in coastal areas bygagivin
dimensional (2D) model to coastal aquifers, in Egypdin India. They applied 2DFED model

on large scale areas (Nile Dedteea is about 22,000 Kn Theyincluded several factors that
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account for climate change including variations in atmospheric pressureshing mse sheets
to investigate these facweffects on sea level rise. Thpaper concluded that the Nile Delsa
more vulnerable to sea level rise inundation. Another group of scholars coupled dnalytica
modelsand numerical experiments to examine groundwsegexvater intrusion induced by sea
level rise (Koo et al, 2000y applying2D-METROPOL3 model on hypotheal aquifer
systemsAnother study conducted by Feseker (2007) investigated the effect of climage cha
sea level rise, and changes in land use on salinity profile in field site omttie9¢a Coast at
Germany by using a steady stdtep dimensional, density dependent solute model to simulate
salt concentration profile. The authehowed that rapid sea level rise is causing a rapid increase
in groundwater salinity near the shoreline. Watson et al. (Z@6jed the transience of sea
level rise and the consequent seawater intrusion affecting a hypotheticainagton
homogenousoastal aquifer usinggvo dimensional variable density flow moddtFLOW.The
researchers concluded that the seawla¢shwatesharp interface may take decade respond
to 1 meter of sea level risBailey et al. (2014) employed a two dimensional empirical model to
estimate future water resource of the Republic of Maldives. The model wasdaophi2 small
islands which spans all islands sizes in the Maldivian atoll. The paper concludeditsatem
islands (300-800 meters in width) are the most vulnerable to freshwater lensdigmediuve
future sea level rise and beachline encroachntieatfreshwater lens could be reduesdnuch
as 16% in accelerated SLR ra(Bsiley et al. 202).

Three dimensional modeling for sea level rise impact on groundwater systetreeha
conducted in several studies (e.g. Masterson and Garabedian, 2007; Oude Essink et al., 2010;
Sulzbacher et al2012).Mastersorand Garabedian (2007) applied the 3D-SEAWAT model on

hypothetical, and single layer semi-confined aquifer with a constant SLBf 285 mm/yr.
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The researchers concluded that the freshwater lens thickness may bd BdR2#6-31% due to
SLR effect. Also,he SEAWAT model was utilized to study the effects oflseal rise on the
depth to the fresh water/saltwater interface. Other researchers examindddhef ebombined
climate change and anthropogenic stressesgmater quality in the lovying Dutch delta in
Netherlands by implementing three dimensional density dependent groundevateroidel
(MOCDENS3D model) by including land subsidence factor into consideratiomkbetsal.,
2010). The climate change effeeas included in a numerical modeling study to examine the
impacts of sea level rise on freshwater lensehemorth Sea Island of Borkum in the coming
decades. Researchers concluded that groundwater reserves should be mtattigetl/d¢d
secure curnet future demands of domestic groundwater supply in the studySukzoécher et
al., 2012). Table 23 shows some of the research done to model sea level rise impact on the
groundwater system.

Numerical modeling studies simulating the transient processesn@anying sea level
rise were conducted by several researcfsss Table 23)Even though some of the previous
work included the land inundation induced by sea level rise as an influential factoripgomot
seawater intrusion in the coastal groundwater systems (e.g. Kooi et al., 2@¥iga et al.,

2012; Ferguson and Gleeson, 2)X@®wever researchers did not quantify the effect of that
important factor.Specifically,conducted studies did not address the movement of the beachline
landward and the consequent coastal area inundation in a comprehensive manner \ahiocé mig
of a special concern in small atoll islands.

In this research, several land inundation percentagesnandatedn islands. These
different land inundation percentages shouldesent all potential scenarios that may occur in

the coming decades to bracket all possible reductions in freshwater rese¢heestudy area.

96



Addressing the lading inundation problem using tihwansientmulti-layer, three dimensional
saltwater intrusion modeling based on transition zone approach, rather than sharp interface
approachwill provide fundamental contribution the area of atoll islands hydrology and would
form a future foundation for the research of sea level rise effect on atolhislands

groundwater resources system.

Table23 Summary of some studies relating the impact of sea level rise on fresh waiandesources depletion

CON, Confined; UCON, Unconfined; NU, Numerical, SLR, sea level rise

Reference Aquifer type Simulation method Application/notes
Sherif and Singh (1999) UCON-leaky 2D-FED modelNU coastal aquifers in Egyp!
and India
Kooi et al. (2000) UCON 2D-METROPOL3NU hypothetical

and analytical

Feseker (2007) UCON 2D- SWIMMOC-NU hypothetical aquifer with
real data
Masterson and Garabedian SemiCON 3D-SEAWAT-NU hypothetical/constant
(2007) SLR rate single layer
Watson et al. (2010) UCON 2D-FEFLOW-NU hypotheticaisharp

interface model

UCON 3D-MOCDENS3DNU Low lying delta in
Oude Essink et al. (2010) Netherlands- coarse cell

resolution 250x250 M

Sulzbacher et al. (2012) UCON-CON 3D-FEFLOW-NU North Sea island of
borkum
Chui and Terry (2013) UCON 2D-SUTRA Hypothetical islands
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Ketabchi et al. (2014) UCON 2D-Analytical- hypothetical small island

NU (SUTRA) steady state and two
layers
Bailey et al. (2015) UCON 2D-algebraicmodels 52 smallislands with real
data

5.4Methods
5.4.1 Future ShorelinedgessiorEstimation

As sea level rises, the seawater advagcadually beyond usual beachfront of the island,
hence, shoreline recession is produced and island land surface area is decreasdoiméhaf
the freshwater lens is strongly dependent on island land surface areasraaltbeisland width
yields a smaller rise in the water table above mean sea level, which in turn yisdgedipnate
decrease in the thickness of the lens below sea level. In addition, beach slopghidisant
contribution to the extent to which sea level may encroach.

Shorelinerecession induced by sea level rise can have a significant impact on atoll
islands’ groundwater resources, particularly for islands with gentldnlst@oes (about 0.5%).
On the other hand, islands with steeper beach slope (1% or 2%) are less vulnerabilsk@the
shoreline recession induced by sea level rise, as rising sea level will enessaoh the
coastline. As presented in a previous section, the minimum reported rate (31Q amd/the
maximum reported rate (6.5 mm/yr) of sea level risgassible. To provide a plausible range
of how far island beachfronts may retreat, different annual sea level risanatanbined with

different beach slopes (0.5286) (Tsyban et al., 1990) to provide:
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*
Shoreline Recessimﬂn—SLR

(5.1)

where:
nis the number of years [T]
SLRis the annual sea level rise rate [L/T]

Sis theaverageeach slope [L/L]

Sea level rise

/I \/ Avg. Beach slope = g

H

|-
L

A

Shoreline recession

Figure33 schematic diagram illustrating shoreline recessitentbasedon sea level risand beach slope

Figure 33 shows a schematic illustration of coastal areas inundation cgubedrizrease of the
mean sea level. Tab®t shows possible ranges of shoreh@eessioraccording to different

combinations of sea level rates, and beach slopes for 40 yzrd p

Table24 Possible Boreline recession within 40 years period in meters according to difiraiiével rise rates, and different
beach slopes

SLR (mml/year) Gentle slope of 0.5% Steep slope of 2%
shoreline recession (m) shoreline recession (m)
1 8 2
35 28 7
6.5 52 13

99



As shown inTable 24 the islands in the study area may anticipate shorelines recession
rangingbetween 2 and 52 meters. For the purpose of this research, and to capture all possible
scenarios for sea level rise, several shoreline recession scenarios are sifoétados include
conservative conditions, where sea level rise rates are at their minimum valoegyrl On the
other hand, aggressive scenarios of sea level rise are simulated also@ésansea level will
be rising at the high rate of 6.5 mm/yr. Table 25 shows the anticipated shoredissarc

included in each scenario for each island.

Table25 Simulated sea level rise induced shoreline recession

Island Conservative SLR Aggressive SLR
shoreline recession shoreline recession
N. Holhudhoo 10 m 20m
N. Velidhoo 10 m 20m
GDh. Thinadhoo 20m 40 m
L. Gan 40m -

5.4.2 ModifiedSpecified hea@oundary Condition

The models for all islands which were developed in Chapter 3 contpeedied head
cells that simulate the presencecofstal line bounding each island with values of zero head and
solute concentration of 1 (which means 100% seawater). As we aratiedeireestimating the
effect of shoreline recession on available freshwater volumsptwfied headoundary
condition is modified to account for the anticipated shoreline recession. A buffewcddded
specified headells are added to each islangSNAT calibrated models. The buffer width is set
according to the shoreline scenarios presented in Table 25. Figure 34 illustrateslifietion
of specified heatboundary condition to account for anticipated shoreline recession for N.

Velidhoo Island.
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PreSLR S.H.
boundary condition

Modified S.H.
boundary condition

Figure34 lllustration forspecified headS.H.) boundary conditiomodification for N. Velidhodo simulateshoreline recession
A. pre-SLR specified heathoundary conditionB. modified boundary condition after shoreline recession
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5.4.3 2040-2050 Sea Level Rise Impact Simulations

Sea level rise, and consequently beach line recession, is a slow (i.e. decada$). proc
Based on rates of sea level rise, it might take few decades for rising sea lee & h
significant impact on groundwater resources of a small coral island. Tietelchange
scenarios developed in Chapter 4 are used to assess the impact of beach lina eftes2040.
Specified headboundary conditions were adjusted to account for the new location of the
beachline (see Figure 34 for an example) based on conservative and aggressies gsa |
scenarios. Calibrated hydraulic conductivities (see Chapter 3), and other pgtafmeters
derived fromatoll island modeling literature gsesented in Chapter 3 are used to characterize
each island’s suburface gealgy. The models were run from 2035 till 2040 for a spin-up
simulation before simulating pe2040 sa level rise impact. The baselisenulations conducted
earlier were used as initial conditions for the sea level rise models to establsséine

conditions for salt concentrations in the islands and to assure models convergence.

Sea level rise simulations results are compared to the climate change simudstitiss r
through 2040-2050 with no anticipated sea level rise simulations, as presented in Chapter 4.
Results are presented for each island with and without sea levehdseeach climate change
scenario to provide a quantitative estimate of freshwater lens depletiom sha¢line
recession. Moreover, applying multiple sea level rise scenar@ach island is meant to
provide an estimation of possible ranges of freshwater lens fluctuation and tonoee¢he
uncertainty associated with sea level rise estimates. In the followingreettie results of the
2040-2050 simulations are presented for each island under the conservative and theeaggress

(see Table 253cenarios for the four RCPs (2.6, 4.5, 6.0, 8.5) climate change scenarios.
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5.5Results
5.5.1 ®a Level Rise Impact undRCP26 Climate Change Scenario

In this sectionthe sea level rise simulations resaltepresentedor each island under
the mitigated RCP2.6 climate change scen&iwreline recession values are assigneddoh
islandin the study area according to Tabft@ simulate conservative and aggressive sea level
rise scenarias

Figures 3 and 36 show theea level rise impact simulatioresuls for each island.The
best (i.e. most accurate compared to historical regional climate) GCMhmegion under the
RCP26 forcing scenario is used to estimate monthly freshwater recharge during 2040-2050.
Table 26 shows the percentages of average freshwater lens volume in each islasdczateds
volume reduction. Complete simulations results for all climatic model €26 are shown in

the Appendix of the dissertation.

Table26 Average freshwater lens volume during 2050 under no SLR, conservative SLR, and aggressiveséfarios
with associated percentages of freshwater volume reduction

Average  Average freshwater Average
freshwater lens volume w/ freshwater lens % % change
Island lens volume  conservative SLR volume w/ change Agg.
w/o SLR (Mm?3) aggressive SLR Conserve
(Mm3) (Mm?3)
N. Holhudhoo 0.28 0.22 0.19 20.9% 32. 7%
N. Velidhoo 0.95 0.84 0.73 11.8% 23.2%
GDh. Thinadhoo 6.40 5.54 4.73 13.8% 26.3%
L. Gan 55.13 49.50 - 10.2% -
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Figures 3A and36A show the sea level impact simulations result for N. Holhudhoo
Islandwhichis the smallest modeled island in this stg#l9.9 ha) With a small surface area,
the freshwater lens volume in this tiny island could be reducedeX&¥with the conservative
sea level rise rates. The freshwater lens volume could be reduced by 32% if sesesatetdhe
accelerated rates. The main reason frdhastic reduction in freshwater lens volume stems
from thesmall sland width. Even a small bedicte recession would eventually lead to a
significant decrease in island width. The decrease in island width wiltegtie surface area
where fresh precipitation rechargbe subsurface freshwater lens. Hence, the available
freshwater lens volume will bidecreased. Moreover, the boxplot for N. Holhudhoo (Figure 36A)
shows a strong variability in freshwater lens volume, which emphasizes thescomenade in
Chapter 3hat small islands exhibit strong variability trende sea level rise effect increases
the variability of the freshwater lens as it introduces new margins at Wigacvailable
freshwater lens volume fluctuateThe island is around 350-400 meters wide which means that it
could lose about 40 meters (around 10%) of its current width unel@xtreme sea level rise
scenario

Figures 3B and 3® show the sea level impact simulations result for N. Velidhoo Island
that is the second modeled island located in the northern climatic region. The reduttten i
island’s freshwater lens volume ranged betwE2% and 23% in the conservative and
aggressive scenarios respectively. The decrease in lens volunseighatid is still significant
especially if we consider the conservative sea level rise case. However, thissistensd
vulnerable to freshwater resources depletion due to the sea level rise phenomehbn tha
Holhudhoo Island as it is has a wider width and larger area. N. Velidhoo island and asrshown i

Figure 3B has less variability than N. Holhudhoo Island. The island is around 650&1@0s
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wide which means that it could lose about 40 meters (around 6%) of its current width under
extreme sea level rise scenario which this isfa@shwater resourcdsss vulnerable to sea level
rise impact than N. Holhudhoo.

Figures 3C and 3€ showthe sea level impact simulations result for GDh. Thinadhoo
Island that is located in the southern climatic reglbis concluded thahe freshwater lens
volume in this island could be reduced substantially even with aggressive seséeradess. As
shown in Bble 5, the shoreline recession conditions simulated for this islands are 20 meters
and 40 meters. The reduction in the average freshwater lens volume rangend8w5% and
26.33%. The reduction percentages in GDh. Thinadhoo are fairly comparable to thosenvalues i
N. Velidhoo under mitigated sea level rise scenarios. This matter of fact telsrgea islands
are more sustainable in terms of relatively preserving its freshwaterces@ven with
aggressive sea level rat€xDh. Thinadhoo Island is about 850-900 meters wide and according
to the simulated shoreline recession values. The reductions in island width arenagi@igx
2.5%, and 5% for conservative and aggressive scenarios respectively.

Figures 3D and 3® show the sea level impt simulations result for L. Gan Island that
is the biggest modeled island in this study. Only one scenario of sea level mtsthwihere
shoreline encroachd$ meters landward. Even with this aggressive condition of shoreline
recession, the freshwateinsis reduced by less than 10% through the simulation period. The
width of the island is more than 1 kilometers in most locations and it has a fairkghigrais
geometrical aspects of L. G#&landprovide adequate space for receiving freshwater recharge
through precipitation and consequently compensate any reduction in islands width due to sea
level rise induced shoreline recession as only less than 4% of island width ®leshs

encroachment.
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5.5.2 Sed evel Rise Impact und&CP45 Climate Change Scenario

In this sectionthe sea level rise simulations results are presented for each island under
theintermediate emissioRCP4.5 climate change scenario. Shoreline recession values are
assigned for islands in the study area according to Talite Bulate conservative and
aggressive sea level rise scenaribgyures 3 and B8 show the sea level rise impact simulations
results for each island. The best climate change forecast models ingiaolureler the RCP4.5
forcing scenario are used to estimate freshwater recharge durin@@®ad0Table 27 shows the
percendgesof average freshwater lens volume in each island and associated volume reduction.

Complete simulations results for all climatic models in RCP4.5 are shown in the &ppend

Table27 Average freshwater lens volume during 2050 under no SLR, conservative SLR, and aggressive SLR scenarios
with associated percentages of freshwater volume reduction

Average Average freshwater Average
freshwater lens volume w/ freshwater lens % % change
Island lens volume  conservative SLR volume w/ change Agg.
w/o SLR (Mm3) aggressive SLR Conserve.
(Mm?) (Mm?)
N. Holhudhoo 0.33 0.27 0.23 18.%% 29.%%
N. Velidhoo 1.24 1.09 0.94 12.2% 24. %%
GDh. Thinadhoo 6.08 5.18 4.53 14.8% 25.%%6
L. Gan 52.64 47.44 - 9.9% -
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Figures JA and38A show the sea level impact simulations result for N. Holhudhoo
Island. The results for this intermediate emission scenario emphasizesahedipattern in the
mitigated emission scenario where the freshwater lens is substamthied even under
conservative rates of anticipated sea level rise rates. Talsled?vs that N. Holhudhoo may
undergo an approximately 18% freshwater lens volume reduction under conseraisrect
rise rates. The limited island width and small land area are making the frestesateces in
this island under severe threatsgures 3B and 38 show the sea level impact simulations
result for N. Velidhoo Island that is the second modeled island located iorthem climatic
region. The reduction in the island’s freshwater lens volume ranges between 12.15% and
24.38% in the conservative and aggressive scenarios respectively. These pereeatadmst
higher than percentages forecasted under REC&22nariavhich reflects the role of changing
rainfall pattern on the future status of the freshwater. [Eine reduction in the island’s
freshwater lens volume is also substantial for N. Velidhoo for its small area.

Figures 3C and 38 show the sea level impact silations result for GDh. Thinadhoo
Island. Aso, the freshwater lens volume. In this mitigated climate change scesexi®vel rise
may reduce the freshwater lens volume at significant rates between 14% anH@beter, the
fairly large island are a akes this island less vulnerable to freshwater lens depletion than other
smaller islandsFigures 3D and 3® show the sea level impact simulations resfdt L. Gan
Island that is the biggest modeled island in this study. As a big island, Lmi@anbe slightly
affected sea level rise effect, even with accelerated sea level rise rates.7Tste/2 the
freshwater lens average is reduced by 9.88% under the RCP4.5 scenario which certtparabl

results obtained in the under RCP2.6 scenario.
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5.5.3 Sed.evel Rise Impact und&CP60 Climate Change Scenario

In this sectionthe sea level rise simulations results are presented for each island under
theintermediate emissioRCP6.0 climate change scenafihoreline recession values are
assigned foeach islandn the study area according to Tabtt@ simulate conservative and
aggressive sea level rise scenartogures  and40 show the sea level Bampact simulations
results for each island. The best climate change forecast models ingaohureder the RCP6.0
forcing scenario are used to estimate freshwater recharge durin@@dd0Table B
summarizeshe percerdgesof average freshwater Iswolume in each island and associated
volume reduction. Complete simulations resultscfonate change scenarstown in the

appendix.

Table28 Average freshwater lens volume during 2050 under no SLR, conservative SLR, and aggressive SLR scenarios
with associated percentages of freshwater volume reduction

Average Average freshwater Average
freshwater lens volumew/ freshwater lens % % change
Island lens volume  conservative SLR volume w/ change Agg.
w/o SLR (Mm?3) aggressive SLR Conserve.
(Mm?) (Mm?)
N. Holhudhoo 0.34 0.28 0.24 17. ™% 29.%%
N. Velidhoo 1.27 1.12 0.96 11.%% 23. %
GDh. Thinadhoo 6.22 5.18 4.67 16.8% 25.%
L. Gan 53.83 48.93 - 9.1% -
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Figures 3A and40A show the sea level impact simulations result for N. Holhudhoo
Island. The observed pattern in N. Holhudhoo still prevails.fildshwater lens had a similar
response of drastic reduction of the freshwater lens in the RCP6.0 scenario. Asrshabie i
28, the reductionm the freshwater lens asgpproximately 17% to 29%yhich arecomparable
to the percentages obtainedhe otler intermediate emission scenario. Figuré dand40B
show the sea level impact simulations result for N. Velidhoo Island. The reductien in t
island’s freshwater lens volume ranged between 11.85% and 23.90% in the conservative and
aggressive scenarios respectively. These percentages are lower than percaetzagted under
RCP4.5 scenario which reflects the role of climate change forecasts ungenteihé future
status of the freshwater lens.

Figures 3C and 4C show the sea level impatulations result for GDh. Thinadhoo
Island that is located in the southern climatic region. The simulation result showethat th
freshwater lens volume in this island could be reduced significantly even withreainge sea
level rise rates, where freshter lens volume might be reduced by more than 16%. Despite the
fact that the freshwater lens in GDh. Thinadhoo might be significantly reducsdyé&ter
resources in the island are more sustainable as the island has adequate lanccartgd and
receive large amount of annual freshwater recharge. Figzst3d 4@ show the sea level
impact simuléions result for L. Gan Islan@&ven with this aggressive condition of shoreline
recession, the freshwater laeaseduced by.11% through the simulation periothe size of that
big island preservas from the severe consequences of sea level rise impact. Islandisvidth
morethanl kilometers in most locations, and hence, shoreline recession bedeks than 5%

in worst cases if sea water intrudes 50 metetise accelerated sea level rates by the year 2050.
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5.5.4 Sed evel Rise Impact und&CP85 Climate Change Scenario

In this sectionthe sea level rise simulations results are presented for each island under
the high emission RCP8.5 climate change scenario. Shoreline recessiorax@lagsigned for
islands in the study area according to Tall¢éo2simulate conservative and aggressive sea level
risescenarios. Figures 41 and gi2ow the sea level rise impact simulations results for each
island. The best climate change forecast models in each region under the RCP8.5 forcing
scenario are used to estimate freshwater recharge during2680Table 29 showesults
summary for this scenario. Complete simulations results for all climatic model$H8.R@&re

shown in the appendix.

Table29 Average freshwater lens volume during 2050 under no SLR, conservative SLR, and aggressive SLR scenarios
with associated percentages of freshwater volume reduction

Average Average freshwater Average
freshwater lens volumew/ freshwater lens % % change
Island lens volume  conservative SLR volume w/ change Agg.
w/o SLR (Mm?3) aggressive SLR Conserve.
(Mm?) (Mm?)
N. Holhudhoo 0.33 0.27 0.24 19.1% 29.4%
N. Velidhoo 1.24 1.09 0.94 12.1% 24.1%
GDh. Thinadhoo 5.90 5.17 4.37 123% 26.0%
L. Gan 51.57 47.48 - 8.0% -
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Figures 4A and42A show the sea level impact simulations result for N. Holhudhoo
Island.For this extreméiigh emission scenario, results for N. Holhudhoo Island does not differ
from those results in the mitigated and intermediate emission scenariosadtteee shoreline
recession effect dominates the rainfatiability effect. In this senario, the freshwater lens
volume for N. Holhudhoo is expected to drop by 19.09% and 29.42% in the conservative and
aggressive scenarios respectively. Having different Green House GasesresaEiarios did
not show a significant deviations in results and the obsgaternstill prevails Figures 41B
and 42B show the sea level impact simulations result for N. Velidhoo Island. Theaeduc
the islands freshwater lens volume randgastweenl2.14% and 24.12% in the conservative and
aggressive scenarios respectively. These percentagesnaparable to othgrercentages
forecastedy other RCP scenarios, however, there are slight differeacsedy climate
change forecasts uncertainty

Figures41C and 42 show the sea level impact simulatioasuls for GDh. Thinadhoo
Island that is located in the southern climatic region. The simutatsnls showthat the
hydrologic response for sea level rise condition in this extreme emissioargcdoes not differ
from the mitigated and intermediamission scenarios where the predicted percentages of
freshwater volume are between 12% and 26%. Figures 41D &nsgh#Rv the sea level impact
simulations resudtfor L. Gan IslandEven with this aggressive condition of shoreline recession,
the freshwatelensis reduced byB.03% through the simulation period. The results for L. Gan
Island assures that its groundwater system is sustainable and sligittgctby sa level rise

and variable rainfall patterns.
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5.5.5Results Wcertainty

Results were presented in the previous sections for different islandsdiffetent
representative concentration patheéCFs). The simulationsesults foreach islandhowed
that predicted future freshwater lens volumes spem a probable range pdssties. Results
variability impliesa wide uncertainty in future groundwater supply, which is an impartatier
to consider. In this section, the results from the previous section are grouped fataathoi
show forecats uncertainty for each isld and to provide a comprehensive overview for the

future groundwater status in each island in the study area.

5.5.5.1 N. Holhudhoo Island

N. Holhudhoo is the smallest modeled island and it showed a strong variability trend in
future groundwater reservas it has a limited land area. Moreover, the highest percemtiges
freshwater lens volume reductions is for N. Holhudhoo. Table 30 shows the predicted
percentages of freshwater leesluctions with comparisao the no sea level rise scenario.
According to the conservative sea level rise scenario, the freshwater lens is@xpdet
reduced between 17.74% and 23.37%. On the other hand, according to the aggressive sea level
rise scenario, the freshwater lens is expected to be reduced between 29.40% and 36.28%. The
variability in the results comes from different forecasts of rainfalepagtdepending on different
greenhouse emission concentrations in the coming decadesmnEx¢mission scenarios, predict
the highest reduction irvarage freshwater len®lume (model M8). On the other hand, the
extreme emission scenafimrecasts, predict that the freshwater lens may be reducethdess
the mitigated emission scenarios (model M19 forecast). The outcomes of tasteremphasize

that resultdave a considerable range of uncertainty.
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Table30 Predicted averagdreshwater lengMm?®) (20402050)for sea levetiseimpact on N. Holhudhoo Islaratcording to
differentpossible sea level rise rates coupled with different posRiBRsforcing scenaris.

RCP GCM GCM No SLR Conserv. Aggres. % reduction % reduction
ID ranking (Mm3) SLR SLR Conserve. Aggres.
(Mm?) (Mm?)
2.6 M18 1st 0.28 0.22 0.19 20.9% 32.7%
2.6 M19 2nd 0.22 0.17 0.15 21.0% 33.0%
2.6 M4 3rd 0.21 0.16 0.14 20.9% 33.0%
4.5 M19 1st 0.33 0.27 0.23 18.4% 29.4%
4.5 M8 2nd 0.18 0.14 0.12 23.4% 34.8%
4.5 M18 3rd 0.28 0.22 0.19 20.6% 32.3%
6.0 M19 1st 0.34 0.28 0.24 17.7% 29.4%
6.0 M18 2nd 0.30 0.24 0.21 21.1% 31.4%
6.0 M4 3rd 0.20 0.15 0.13 21.4% 34.2%
8.5 M19 1st 0.33 0.27 0.24 19.1% 29.4%
8.5 M8 2nd 0.17 0.13 0.11 22.8% 36.3%
8.5 M4 3rd 0.20 0.16 0.13 21.3% 32.5%

5.5.5.2 N. Velidhoo Island

N. Velidhoo also showed a strong variability in future groundwater reservielsassa
limited land area. Moreover. Table Siows the predicted percentages of how much freshwater
lens may drop compared to the no sea level rise scenario through the simulation period.
According to the conservative sea level rise scenario, the freshwater lens is@xpdet
reduced between 11.49% and 12.15%. On the other hand, according to the aggressive sea level
rise scenario, the freshwater lens is expected to be reduced between 22.98% and 24.78%. It

noticed that the margin at which reduction percentages fluctuate is narrowed fdiddoveN.
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Velidhoo has bigger area and island width than N. Holhudhoo which reduced the range of
forecasts uncertainty. It is noted also that the percentages are almashéh®iseach sea level
rise scenario with-2% fluctuation. This narrow range of freskter lens forecasts reduces sea

level rise impact modeling uncertainty, and increases results reliability.

Table31 Predicted averages freshwater l¢hBn3) (20402050) for sea level risenpact on N. Velidhodsland according to
different possible sea level rise rates coupled with different possible fefeig scenarias

RCP GCM GCM ranking No SLR Conserv. Agg. % %
ID SLR SLR reduction reduction
Conserv. Agg.
2.6 M18 1st 0.95 0.84 0.73 11.8% 23.2%
2.6 M19 2nd 0.85 0.75 0.65 11.7% 23.2%
2.6 M4 3rd 0.82 0.72 0.63 11.5% 23.0%
4.5 M19 1st 1.24 1.09 0.94 12.1% 24.4%
4.5 M8 2nd 0.77 0.68 0.59 11.8% 23.7%
4.5 M18 3rd 0.83 0.74 0.64 11.5% 23.2%
6.0 M19 1st 1.27 1.12 0.96 11.9% 24.0%
6.0 M18 2nd 1.00 0.89 0.77 11.7% 23.0%
6.0 M4 3rd 0.80 0.70 0.61 11.8% 23.4%
8.5 M19 1st 1.24 1.09 0.94 12.2% 24.1%
8.5 M8 2nd 0.69 0.61 0.52 12.4% 24.8%
8.5 M4 3rd 0.80 0.71 0.62 11.6% 23.2%

5.5.5.3 GDh. Thinadhoo Island
Results for sea level rise impact for GDh. Thinadhoo are shown in TalAe&2ding
to the conservative sea level rise scenario, the freshwater lens is expected todzebetiveen

10.49% and 16.81%. On the other hand, according to the aggressigeetemsé scenario, the
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freshwater lens is expected to be reduced bet@8€4% and 26.78. There is no evidence that
the variable rainfall patterns are affecting freshwater lens volume hgaraloesponse, and that
is concluded from comparing low emission versus high emission climate changaaselhe
predicted average freshwater volumes are almost the same under all RCPs scerthaaame

sea level rise condition.

Table32 Predicted averages freshwater lg¢hBn®) (20402050) for sea level rise impact @Dh. Thinadhoolsland according
to different possible sea level rise rates coupled with different possilite ®€ing scenarios

RCP GCM GCM No SLR Conserv. Aggressive % %
ID ranking SLR SLR reduction reduction
Conserv. Agg.
2.6 M17 1st 6.42 5.54 4.73 13.8% 26.3%
2.6 M19 2nd 5.97 5.14 4.41 13.9% 26.1%
2.6 M3 3rd 5.90 5.17 4.37 12.3% 26.0%
4.5 M3 1st 6.08 5.18 4.53 14.8% 25.4%
4.5 M12 2nd 5.93 5.16 4.43 13.0% 25.2%
4.5 M7 3rd 5.32 4.60 3.90 13.5% 26.7%
6.0 M3 1st 6.22 5.18 4.67 16.8% 25.0%
6.0 M19 2nd 5.76 5.16 4.30 10.5% 25.4%
6.0 M2 3rd 4.99 4.28 3.71 14.2% 25.5%
8.5 M3 1st 5.90 5.17 4.37 12.3% 26.0%
8.5 M7 2nd 6.00 5.09 4.34 15.1% 27.7%
8.5 M2 3rd 5.06 4.34 3.77 14.1% 25.5%
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5.5.5.4 L. Gan Island

L. Gan Island is the largest modeled island. Only one sea levsilttiaion is simulated.
Table 33shows the sea level rise impact on freshwater lens volume in Ustaadunder
different RCPs scenarios. The percentages at which fresh groundweatee regay deplete are
between 8.03% and 11.01%. The islanddfasrly big area to sustain beachline recession. By
comparing freshwater lens responses to variable rainfall patterns uadantle sea level rise
situation, we cannatotice any effect that climate change may contribute to, as extreme emission
models versus mitigateemission models have the same range of predicted freshwater lens

volume reduction.

Table33 predicted averages freshwater I€lien®) (20402050) for sea level rise impact nGanlsland according to different
possible sea level rise rates coupled with different possible RCPs foceimayi®s

RCP GCM GCM No SLR Conserv. Agg. % %
ID ranking SLR SLR reduction reduction
Conserv. Agg.
2.6 M17 1st 55.13 49.50 - 10.2% -
2.6 M19 2nd 51.93 47.08 - 9.3% -
2.6 M3 3rd 51.57 46.61 - 9.6% -
4.5 M3 1st 52.64 47.44 - 9.9% -
4.5 M12 2nd 54.98 49.21 - 10.5% -
45 M7 3rd 47.93 43.58 - 9.1% -
6.0 M3 1st 53.83 48.93 - 9.1% -
6.0 M19 2nd 49.19 44.96 - 8.6% -
6.0 M2 3rd 44.87 39.93 - 11.0% -
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8.5 M3 1st 51.57 47.43 - 8.0% -

8.5 M7 2nd 51.96 46.59 - 10.3% -

8.5 M2 3rd 45.17 40.67 - 10.0% -

5.5.5.5 The Effect of Island Size on Freshwater Lens Reduction Indu&&dRb

The results section showed the hydrologic response of freshwater lens in msldelgsl i
due to beach line recession induced by SLR. Bigger islands showed more sustaipabseras
their freshwater lens reduction percentages were lower than smaller istaiis section, the
results of Islands: N. Holhudhoo, N. Velidhoo, and GDh. Thinadhoo are compared witimthe 20
beachline recession scenario (Figure 43). The vertical axis represents the &estagater lens
reduction due to SLR coupled with all recharge patterns in 2040-2050 compared with no SLR
caseFigure 43 shows that there is an inversely proportional relation between avesiyeater
lens reduction and the natural éwghm of the island surface areahis finding can be used to

extrapolate for the effect of SLR on other atoll islands in the Indian and ¢ifec Rxceans.

5.6 Discussion and Conclusion

Sea level rise is an observed phenomena that is mainly inductichete change and
earth global warming. As the planet warms, the ice sheets melts down angetdads. In
addition, atmospheric pressure change on oceans contribukessea level rise phenonoen
As sea level rises, and depending on topographic features of coastlines, sigodfitans of
coastal areas are under inundation threats. Atoll islands with their low elsydiabicoastal
topography, and small islands area, are subject to severe threats ofinoadtion and

beachline recessioThese threats can substantially affect islands fresh groundwates Ens
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seawater intrusion problem is promoted. Seawater inundating coastal grpascaiate through
the soil and damage the fresh groundwater lens which will eventually leadnwdter reserve

depletion in atoll island aquifers.
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Figure43 Relation between average freshwater lens redu¢i@m beachline recessioahd island surface area (selog scale)

In this chapter, the problem of sea level rifea on freshwater resources in small atoll
islands sub-surface hydrological system is addressed. A survey of gldisldyg area annual
rates of observed sea level rise rates recorded from tidal gauges was intaxipabtished in
sea level risenoddling literature.Previous observations revealed thatrage annual increase in
the sea level was measured to be 1.7 + 0.3yemn using tide gauge measuremehile recent
satellite imagesata showing a rise rate of 3.26 mm/year. Similarly, sea levgbmeskctionsfor

the study area in the RepublMaldives are highly variable. Conservative forecasts are expecting
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sea level to rise at a rate of 1.0 mm/yr. (Church et al., 2006). On the other hand,\aggressi
forecasts expect that sea level is rising at acceleratedumtess.5 mm/yr. (Woodworth et al.,
2002).

Several authors conducted research stydes Table 23p assess the impact of
seawater intrusion induced by sea level rise on coastal groundwater systanef e early
efforts that were done neglected coastal areas inundation and beachline reses$omused on
atmospheric pressure changdswever, other authors included the coastal area inundation in
their modeling studies. This research was meant to quantify the seadevmpact on small
atoll islands groundwater systems by considering the coastal lands inundatiomastthe
influential factors. Theonductedsea level rise analysis was coupled with climate change
forecast to include the possible variable rainfalés signature.

Simulations were conducted to estimate the future status of available foeskl\gater
lens in four selected islands in the Republic of Maldives atolls. Three dimensiorsly de
dependent, transient, and solute transport models were built up and calibrated in Chapter 3 for
the four selected islands in the study area. The calibrated models boundary conditeons
adjusted to accommodate the new location of beachline after the predicted seaeléyelimes
year 2040The best climatéorecasts associated with different greenhouse gases emission
scenarios that were introducedGhapter 4 were used to estimate future recharge rates in two
climatic region in the study area. Recharge rates were used as inputs to thtedadibd
adjusted islands models to simulate future freshwater lens volumes in thedsekieetds. The
conducted simulations included all possible scenarios of consersatievel rise rates where
sea level rises at minimal rates (the mitigated scenario), anddresaiye sea level rise where

sea level would rise at the maximum observed rates. Also, all possible fidenbhguse gases
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emission scenario were included and coupled with both conservative and aggressiva sea le
rise rates to bracket all possible values at which the freshwater reserve wd#flednslands
may reduce.

The responses of the studied islands fresh groundwater lenses varied in magilede
smallislands were substantially affected and their freshssuface water reserve depleted by
approximatelyl1-36%, bigger islands had a mitigated situation where the freshwater reserve
depleted by8-26% {ables30-33) although more aggressive sea level rise conditions were
imposed on bigger islands. The variation in responses is due to diféaedtsizesand a
linear relation is found between island size and freshwater lens reduction due (B 43).

It is concluded thabigger islands are less vulnerable to the combined sea level rise and climate
change effect. Specifically, islanddth dimension is a key factor in quantifying island risk due

to coastal inundation and the consequentssuface groundwater reserve damage. Wider islands
(width > 600 meters) would lose less than 7% of their widths if sea level enesa2@imeters
landward. On the other hand, this same amount of beachline recession would cause 20%
reduction in small islands widths (islands width < 200m). The reduction in island width and as
sea level encroaches landward, will eventually intruddrést groundwater lenthat floats

above seawater beneath islands surfébe.predicted reduction percentages as modeled in this
chapter are higher than those predicted by Bailey. é€2@15) who modeled the effect of

beachline recession and SLR on 52 atoll islands in the Republic of Maldives using a two
dimensional, and empirical model. The higher reduction percentages predictechapter are
due to modeling the groundwater system with a physically based, and 3D modeltheatleer
empirical, and 2D approach. In addition, the findings of this chapter are compartige t

findings ofMastersorandGarabediarf2007)who predicted a reduction in the freshwater lens
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thickness by 22-B%. Comparisons between islands responses to variable rainfall patterns under
the same sea level rise situation showed that there is no added threat to freglsenter

depletion, as extreme emission models versus mitigated emission modetbslsammaeange of
predicted freshwater lens volume reduction margins. The findings outlined in thisrchapt
emphasize that small islands are more vulnerable to environmental threats. I8ndsl is
communities should appraise water management plans to secureabershecess for islands

inhabitants during extreme environmental conditions.
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CHAPTER 6. THREE DIMENSIONAL MODELING FOR FRESHWATER LENS

RECOVERY AFTER OVER -WASH EVENTS

In this chapter, the time required for the freshwater lens to recoyeeibserwash status
after marine overwash events is assessed. Different land inundation peicéatgon

potential storm categories are imposed to Islands’ calibrated modelstpteseChapter 3.

6.1 Introduction

Among the many threats to freshwateserves of atoll islands, such as, groundwater
mining from the subsurface freshwater leragjable rainfall patternsand shoreline recession
induced by sea level riseganater inundation induced by marine overwash events reprasents
serious threat tthe freshwater reserves in small atoll islands aquikéasine overwash events
can emerge critical freshwatglortageemergency in islands communiti@stheyoccur
suddenly. Unlike droughgvents, which slowly deplete water reserwearine overwash events
can cause, witbnly a short notice, significant damages to groundwater supply and impose
greatchallenge for island community in managing tlieshwater reservesviarine overwash
events occur due to several factors including: tsunamis, storm surge, @gee 8trong wave
setup accompanied witenhancedvindsactivity, extreme high tide, or high regional sea level
rise level(Bricker and Hughes, 2007; White et al., 2007; Yamano et al., 2@0%; and
Falkland, 2010).

Atoll islandshavesmall surface area, relatively flat beach slope, with maximuwaibs
of few meters above meaea level (Wheatcraft and Buddemeier, 1981). Due to that topographic
nature, complete or partial island inundation due to overwash events canSeauater

flooding coastal area will percolate through the Higldraulic conductivity soil profile causing
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salinizationto the shallow groundwater. After overwash events, freshwatiearge will recover
the damaged freshwater lens and rebuild the freshwateadains Depending on overwash
events intensityrainfall patterns, and other geologic characteristiestime required for the
freshwater lens to restore its greerwash stais is determined (Chui and Terry, 2012; Bailey
and Jenson, 2013). this chapter, storms of different intensities as well as different rezharg
patterns based on both historical ahichatic forecasts for future recharge patterns according to
differentRepresentative Concentration Pathways of greenhouse gases erfRiS§leriorecasts
are used as inputs ftire calibrated models presentadChapter 3 to quantify the time required
for the freshwater lens to recover after over wash evengldition, theeffect of groundwater

pumping in extending recovery time is also examined.

6.2 PreviousEfforts in Modeling Post Overwash Fresh Groundwater Lens Recovery

Several published studies have quantified the response of a coral island freknsate
overwashevents. The previous efforts included both field studies (Oberdorfer and Buddemeier
1984; Richards, 1991; Yamano et al., 2007; Terry and Falkland, 2010) which provided site
specific information, and numerical modeling efforts which studied the respbgsgeeric and
specific islands to various overwash scenarios (Chui and Terry, 2012; Terry and Chui, 2012,
Bailey and Jenson, 2013; Chui and Terry, 2013; Bailey, 2015).

Terry and Falkland (201@pnducted on-site work to study the overwash events induced
by tropical cyclone that struck Pukapuka atoll in the Northern Cook Islands in 20@5. The
monitoredfreshwater lens salinity shortly after the cyclone struck the atollfrackled
freshwater lens recovery for 11 months following the overwBlisy observedhat seawater

thatpercolatedhrough the unsaturated zone formed a plofrs2awatefloating atopthe
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freshwater lens. Consequently, the freshwater lens is relocated betweenmntiteaaptuthe
underlying seawateil.his plume was observed to disperse gradually through time. The
concluded that the lens needs at least 11 months to recover for each of the threesktndeethi
Pukapuka atoll. Terry and Falkland (2010) work is the most in-depthstiedtythat was
conducted to characterize freshwater lens recovery after being suddenlyeédunidatseawater
As for the numerical modeling approach, several scholars employed simutat&Esto
guantify freshwater lens recovery after overwash events. Bailey 20@B)(employed the
density-dependent groundwater flow and solute transport SUTRA model (Voss and,Provos
2010) to simulate groundwater salinization and quantify recovery timererigatoll islands
by applying a 1 ft. storm surge on modeled islands and applying normal rainfall cosaliter
that. Alsq Chui and Terry (2012) and Terry and Chui (2012) wokedumerical simulations
to investigate the effect of overwash events on generic islands by emgkyirigA model alsp
however, scholars applied constant recharge rates to rebevéahaged lens which may not
account for the variability and seasonality of rainfall. Later@mui and Terry (2013) extended
their work by modeling fresh groundwater in only the taprheters of a 600 meters generic
aquifer by running transient simulations for 1 years after the overwash Bagday and Jenson
(2013) worked on modeling post overwash events recovery in the Federated States of
Micronesia. They used daily recharge rate and hourly tidal data to sim@dteghwater lens
recovery in the subsequent 3 years after imposing overwash events. Bailegsaoml(2013)
concluded that it takes up to 20 months on average to achieve 80%ookpnesh freshwater
lens status. Recently, Bailey (2015) developed and applied two dimensional SUJdeAtm
investigate freshwater lens recovery dynamics across ranges of iskes\daiafall patterns, and

aquifer conductivity in the Federated States of Micronesia following hyjpcdheverwash
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events. The study concluded that there is a high variability in the time requiraddeled
islands to restore their pre overwash event freshwater lens depending on tii¢hs&zsland
and the hydraulic conductivity of the aquifers.

The published literature in modeling post overwash events freshwater lengydaoke
a comprehensive and three dimensional study that characterizes the post olersvash
dynamics. Moreover, researchers did not address the future possibility atecihange and
how that could affect freshwater lens recovery time. In additimsresearch quantifigke
effect of groundwater pumping from atoll island aquifers on the recovery of genieer lens.
In this chapter, the research gaps in the hydrological modeling of the aiotlssquifer over-
wash event recovery is addressgdpplying 3D calibrated variable density groundwater flow
and transport model to selected islands in the Republic of Maldives. This researdagpeovi
novel contribution by forcing the calibrated 3D models with the best climaticlsexieacted
from CMIP5 datasets (see Chapter 4) and historical monthly recharge to include climate
variability. Also, groundwater pumping in the owgashed islands is included to examine its
effect in delaying recovery time. This work is important as it helps in establighthgr
understanding of post marine overwash events dynamics to help atoll islands coesmuniti

managing and planning for their freshwater resources efficiently in rcgthit cases.

6.3 Methods

6.3.1 Screening of Variables Controlling Overwash Events Damage
The damage which can occur to the fresh groundwater due to an overwash evertllsadytr

multiple factors that contribute to its severity. These factors include:
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e The extent of seawater inundation of island surface area (either pad@hplete
inundation)

e Overwash event duration (the time at which seawater floods the island)

e Seawater ponding depth (i.e. the height of the waves)
These factors seem to be influential in controlling overwash events se@ewgral test storms
with different combinations of the above listed factors were run on the smallest modeldd isl
under steady recharge to examine the effect of each factor in determining th@kextent
freshwater lens damage. These initial simulations serve as a guf#yimg ower-wash events
to the other islands during future climate change scenarios. Hypothetioas stere simulated
with different seawater ponding depths, storm durations, and inundation percentages. Table 34
shows the post overwash simulated freshwater lens volume. The pre-overwash vadume wa
293,270 m, which is thebaselinevolume for N. Holhudhoo. The results show that the
percentage of inundated island surface controls the overwash event sever#yrithduration
and seawater ponding depth effects seehmave minimal impacts. Hence, the percent of land
inundation factor would be used as the only factor that determines overwash eveny, sackrit

other factors will be neglected.

Table34 Different hypothetical storms posverwash freshwater lens volume ifi (pre-overwash volume is 293,270

Seawater ponding im 2m
Storm duration 4 hrs. 8 hrs. 4 hrs. 8 hrs.
25% 212,500 210,000 212,400 207,700

inundation

Post overwash

freshwater |

N 50% 132,000 130,000 131,500 127,300
inundation
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6.3.2TheExtent of Seawater Inundation in Islands

Overwash event ist@rm used to describe the landward movemeseatvater induced
by a sudden sea level rise due to the occurrence of tsunami events, or tropiced. Ciais
landward movement of seawater would eventually cause partial otetenmundation of
islands withseawater. The extent at which seawater will move landward is controlled by the
wave height and the beach topographic slope (Figure 44

The extent of overvsh is calculated by dividing average wave height by the average
beach slope. Thus, higher waves with flatter beach slope will cause the worst orundati
scenario. As for wave heights expectiealingtsunamiseventsin the study area, recorded
observations for sea levels following a 9.3 Richter scale earthquake in 2004 (daathqua
epicenter is 2500 km east of the Republic of Maldities)study area was reported by Kench et
al. (2006). Observatiomanged between 1-1.8 meters. Table 35 shows different combinations
of the resulted landward inundation in meters based on variety of plabsddbslopes and

average wave height

Average wave
height

/I V' Avg. Beach slope = %

H

A 4

A

Extent of overwash event

Figure44 Schematic illustration to the extent of overwash events based on average wavaheigverage beach slope
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Table35 Different possible landward inundation extent (meters) based on differeathe@hs and different beach slopes

Average beach slope

Avg. wave height (m) 0.50% 1.00% 2.00%
1.1 220 110 55
13 260 130 65
1.6 320 160 80
1.8 360 180 90

6.3.30verwashEvent Simulations

Calibrated SEAWAT models that were developed in Chapter 3 were used with chodifie
specified headboundary condition to simulate the event of sweater flooding and inundating
coastal areas based on the extents of landward seawater movement as shown a8t T
Two categories of overwash events are simulated to assess the damage atdrdslsaunder
intermediate and extreme overwash events. Category 1 is an overwash eveneaiaters
moves 12060 meters landward (intermediate overwash event), while Category 2 i® a mor
severe situation where seawater movesZ&D meters landwardhese categories were selected
to span possible ranges of overwash events exteatspecified headoundary condition that
represents static sea level was adjusted and moved landward to simulate the movemen
seawater landward. The baselfneshwater lens vaimes were used as pogerwash lens
volumes. A storm duration of 8 hours and seawater ponding depth of 1 meter were selected.
Figure & shows how thepecified headboundary condition is adjusted for the coastal grid cells

to simulate seawater movementidgroverwash events.
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Category Category 2 B.C.

Figure45 Specified headeawater boundary condition B) for L. Gan Island inA. No overwash cas®&. Category Joverwash
event C. Category Ddverwash evenDarkblue cells denote static sea level

6.3.4PostOverwash Events Freshwater Lens Recovery Simulations

After overwash simulations were created, post storms concentrations werasusitial
concentrations for the recovery simulations. Recovery simulations were rundarssand the
freshwate lens volume is estimated at different time steps to simulate freshwater lensyecove
Monthly recharge averages from historical rainfall data as well as thelinegtic model 20190
2050 monthly averages in each RCP scenario are used to force to #ls taa@kamine
recovery patterns based on rainfall variability in terms of anticipatecigiohange. The
monthly average was applied to each month during the 5-year recovery period Aloables
pumping rates as reported by Bangladesh Consultants groundwater inestig@orts (2010a;
b; c; d) for the four studied islands were coupled with historical precipitatioagaseto
guantify the effect of groundwater pumping in delaying freshwater lepnsegc
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6.4 Resultsand Discussions

In this section, the results of post overwash events recovery simulationssanetgule
For each island, two overwash categories were simulated to examine the reatteznyymder
intermediate and severe flooding events. In analyzing results, thelupperf salt
concentration for freshwater (i.e., water suitable for drinking) is defined as 2ab%atse which
corresponds to 875 mg/L for total dissolved solids (seawater is assumed to havdissimisdd
solids concentration of 35,000 mg/L). Desytite fact that health agencies define the acceptable
threshold for the drinking water to be 500 mg/L, 875 mg/L is still acceptable conimnas
long as it is below 1,000 mg/L benchmark and it can be considered a®ptsndltarget for
freshwater. Defining the acceptable freshwater threshold is importaatkofteshwater lens

recovery and estimate the time needed for islands communities to reuseatheireserves.

6.4.1 N. Holhudhoo Island Results
Figures 4-47 show the freshwater lens recovafter intermediate and severe overwash
eventsFigure 8 shows twadimensionatross sectionfor freshwaterecoverylens with

historical monthly average recharge rates

Table36 Freshwater lens recovery percentages 2 years after overwash endat different recharge rates in N. Holhudhoo
Island

% of pre overwash volume % of pre overwash volume

Recharge input GCM ID  after 2 years intermed after 2 years- severe storm
storm
Historical averages - 79. 2% 55.9%
Historical averages with
pumping - 63.9% 43.0%
RCP2.6 averages M18 88.1% 60.2%
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RCP4.5 averages M19 67.6% 47.0%

RCP6.0 averages M19 69.8% 48. %%
RCP8.5 averages M19 67.9% 47.2%
Historical recharge rates —— Histrocal recharge rates with pumping
RCP2.6 recharge rates RCP4.5 recharge rates
—— R(CP6.0 recharge rates ——R.CP8.5 recharge rates
350

Thousands

§
_5
B
g
= 50
0
0 200 400 600 800 1000 1200 1400 1600

time after overwash (days)

Figure46 Freshwater lens recovery after intermediate overwash event with differentgechtas inputéX denotes pre
overwash volume)

As shown in Figures 46-48 and in Table 36, N. Holhudhoo Island is ser{oegbced
by approximately 60%@ffected by simulated overwash events. In the intermediate storm
scenario, seawater encroached-180 meters landward, and that represents about 35% of
Islandswidth. The small land area of N. Holhudhoo led to a severe freshwater lens salinization.
Furthermore, the high hydraulic conductivity of the aquifer promotes rapid transitibe of t

ponding seawater to the shallow groundwater table. The Island showed a mordrdestiater
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lens damage in the severe overwash event scenario, where the postloveluag dropped by

more than 60% which can classified as a catastrophic situation.

Historical recharge rates -Histrocal recharge rates with pumping
R.CP2 .6 recharge rates RCP4 .5 recharge rates
——RCP6.0 recharge rates ——RCP§.5 recharge rates
., 350
g
=
7
z 300 v
= >\

freshwater lens volume (m?)

0 200 400 600 800 1000 1200 1400 1600
time after overwash (days)

Figure47 freshwater lens recovery afteevereoverwash event with different recharge rates ingxitdenotes pr@verwash
volume)

As for recovery patterns, we note that all recharge rates used are compareptdax
RCP2.6 scenario where higher recharge rates are expected by model M18 in the 2010-2050
period. The freshwater lens is expected to restore 65-70% of its pre ovenlask after 2
years following an intermediate overwash event, while under severe oveneass, ¢he
freshwater lens will restore £5% of its pre overwash volume after 2 year after the overwash
event. Figure 48 shows cross sections of freshwater |eliffeaent time steps after overwash

events. The shallow freshwater lens is instantly damaged after the ovendasplame of
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seawater is observed. The extent of the seawater water plume remains the samere\&h aft

days.

Intermediate storm Severe storm

1 day

30 days

120 days

180 days

300 days

450 days

600 days

Figure48 Two dimensional cross section for freshwater lens recqueyressiorafter intermediate and severe storms for N.
Holhudhoo Island under historical monthly average recharge rates
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A thin layer of freshwater is formed atop the seawater plume after 300 days. Tite new
formed freshwatelpegins to expand after 450 days of the overwash. After 600 days, the
freshwater lens seem to have its pre overwash shape in the intermediate oseswash,
however, in the severe overwash scenario, the seawater plume can be noticed reinan laitg
time. Groundwater pumping lens is found to have a substantial effect on freshwater lens
recovery. It is concluded thtte freshwater lens will res®63.47%, and 43.02% with pumping,
in intermediate storm and severe storm scenarios respectively, of its prasivenlume after 2
years of freshwater recharge in comparison to 79.23%, and 55.47% without pumping. Pumping
lags the time required fdreshwater lens recovery as it sinks freshwater water that would dilute
the shallow salinized water tablamited islandwidth and limited lancarea are the main reasons
for the drastic freshwater lens depletion and slow recovery. As the withth @land is about
350-400 meters which makes it vulnerable to 50% or more inundation during sesevash
events and consequentbgrious damage to the freshwater less occur The limited island
area is also contributing to the slow freshwater lens recovery, small Eadaptures less
amount of freshwater which dilutes the newly formed shallow seawater plinaeeJults for
overwash events recovery for N. Holhudhslandemphasizes the conclusions made in
Chapters 4 and 5 that smalislands’ freshwater resources are more vulnerablgepletion due

to environmental and anthropogenic stresses.

6.4.2 N. Velidhoo Islandd®ults

The results of N. Velidhoo are presented in this section and are shown in Figures 49-51,

and in Table 37
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Table37 Freshwater lens recovery percentages 2 years after overwash events undet ditdarge rates N. Velidhoo

Island
% of pre overwash % of pre overwash
volume after 2 years volume after 2 years
Recharge input GCM ID intermed. storm severe storm
Historical average - 62.%% 56.3%
Historical average with - 59.1% 52.1%
pumping
RCP2.6 averages M18 67. ™% 59.9%
RCP4.5 averages M19 55.4% 49.1%
RCP6.0 averages M19 56.9% 50.6%
RCP8.5 averages M19 55.8% 49.5%

Historical recharge rates Histrocal recharge rates with pumping

- RCP2 .6 recharge rates RCP4.5 recharge rates
—— RCP6.0 recharge rates ——RCP8.5 recharge rates
. 1800
/1
=
% 1600
= 1400

freshwater lens volume (m-)

0 200 400 600 800 1000 1200 1400 1600
time after overwash (days)

Figure49 Freshwater lens recovery after intermediate overwash event with differentgechtas inputs for N. Velidhoo Island
(X denotes preverwash volume)
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Historical recharge rates - - Histrocal recharge rates with pumping

RCP2.6 recharge rates RCP4.5 recharge rates
——RCP6.0 recharge rates - -RCP8.5 recharge rates
., 1800
Z 1600
= 1400

freshwater lens volume (m?)

0 200 400 600 800 1000 1200 1400 1600
time after overwash (days)

Figure50 Freshwater lens recovery aftegvereoverwash event with different recharge rates inputs for N. VelidhandgK
denotes pr@verwash volume)

As shown in Figures 49-50 and in Table 37, N. Velidhoo Island is substantially affected
by simulated overwash events. In the intermediate stoemasio, seawater encroached 120-160
meters landward, and that represents about 25% of Islands width. The Island skhoagtid a
freshwater lens damage in the severe overwash event scenario, where the posh eotuvwes
reduction ranged between approxisig 49-56% which is considered a serious condition,
however, it is a better result if compared to N. Holhudhoo Island.

As for recovery patterns, we note that all recharge rates used are comyétable
RCP2.6 which iscenario forecasting quicker recovefje freshwater lens is expected to
restoreb5-67% of its pre overwash volume after 2 years following an intermediate asterw
event, while under severe overwash events, the freshwater lens will restori 49&Spre

overwash volume after 2 geafter the overwash event
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e e

Figure51 Two dimensional cross section for freshwater lens recovery progrestaoimtdrmediate and severe storms for N.
Velidhoolsland under historical monthly average recharge rates

The shallow freshwater lens is instantly damaged after the overwash amdeaqgbl
seawater is observed. The extent of the seawater water plume remains the samere\zh aft
days in both storm scenarios. A thin layer of freshwater is formed atop thategalume after
180 days in the intermediate storm scenario, while it takes about 300 days to form tlagethin |
in the severe storm scenarfdter 600 days, the freshwater lelmsginsto restore pre overwash
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shape in the both overwash scenarios (Figure 51). Groundwater pumping lens is found to have a
minimal impacton freshwater lens recovery in the intermediate storm scenario, while ie sever

storms scenario the effect of pumping is found to be significant.

6.4.3 GDh. Thinadhoo IslandeRults
Figures 2-53show the freshwater lens recovery after intermediate and severe overwash
events. Figure 54 shows two dimensiotraiss sections for the freshwater lens recowetly

historical monthly averagecharge rates.

Table38 Freshwater lens recovery percentages 2 years after overwash events uneet diftéiarge rates (Bdh. Thinadhoo

Island
% of pre overwash % of pre overwash volume

Recharge input GCM ID volume after 2 years after 2 years

intermed. Storm severe storm
Historical average - 49.1% 45. %%
Historical average with - 43. ™% 39.%

pumping

RCP2.6 averages M17 55.0% 51.5%
RCP4.5 averages M3 49.0% 45.3%
RCP6.0 averages M3 49.0% 45.3%
RCP8.5 averages M3 49.60% 46.1%
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Figure52 Freshwater lens recovery after intermediate overwash event with differentgechges inputs for GDh. Thinadhoo
Island K denotes pr@verwash volume)
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Figure53 Freshwater lens recovery aftsvereoverwash event with different recharge rates input&fh. Thinadhodsland
(X denotes pr@verwash volume)
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Figure54 Two dimensional cross sect®for freshwater lens recovery progression after intermediate and severe fstoGosh.
Thinadhodlsland under historical monthly average recharge rates
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As shown in Figures 533 and in Table 38, the freshwater lens in GDh. Thinadhoo Island
is abruptly reduced after seawater overwash. The freshwater vodduongtion percentages in the
intermediate and the severe overwash scenarios are comparable. The adkqehteidsh
minimizes the contribution of storm severity in damaging the freshwater lerfer Ascovery
patterns, we note that all recharge rates recover the freshwater lens at the samevpatho
variability trend noticed. However, in the mitigated emission scenario,2RCR quicker
freshwater lens recovery is predicted. The freshwater lens is expected e 48%6% of its pre
overwash volume after 2 years following an intermediate overwash eveid, wndier severe
overwash events, the freshwater lens will rest®&24% of its pre overwash volume after 2 year
after the overwash ever@enerally, slower recovery trends are noticed inisiegnd especially in
low rainfall seasons as bigger lens needs longer timnebaild its pre ovewash status. As for
pumping effect, results show that groundwater extraction reduced the frestemateedovery
after 2 years by 5% in the intermediate and severe overwash scenarios which is considered a
minimalimpact The shallow freshwater lens is instantly damaged after thevasband ashown
in Figure . The extent of the seawater water plume remains the same even after 12Qltays in
severe storm scenariwhile athin layer of freshwater is formedop the seawater plume afte012
days in tle intermediate storm scenarib takes aboul80 days tothat thin freshwater laydo
form in the severe storm scenariiter 600 days, the freshwater lebsginsto restoreits pre

overwash shape in the both overwash scenarios.
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6.4.4 L. Gan Island &sults
Figures 5-56show the freshwater lens recovery after intermediate and severe overwash
events. Figure 57 shows two dimensional cross sections for the progress of gesimvegat

recoverwith historical monthly average recharge rates.

Table39 Freshwater lens recovery percentages 2 years after overwash events unaet ditéharge rates in L. Gan Island
% of pre overwash volume % of pre overwash volume

Recharge input GCM ID after 2 years- intermed. after 2 years- severe storm
Storm
Historical average - 41.2% 38.6%
Historical average with - 36.1% 33.9%
pumping
RCP2.6 averages M17 48.4% 45.%%
RCP4.5 averages M3 41.5% 38.8%
RCP6.0 averages M3 41.4% 38.%%
RCP8.5 averages M3 42.1% 39.%%

—— Historical recharge rates - Histrocal recharge rates with pumping
RCP2.6 recharge rates RCP4.5 recharge rates

—— RCP6.0 recharge rates —— RCP8.5 recharge rates
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Figure55 Freshwater lens recovery after severe overwash event with different rechasgepate for L. Gan Island(denotes
pre-overwash volume)
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Figure56 Freshwater lens recovery afsgvereoverwash event with different recharge rates inputt.f@anlsland K denotes
pre-overwash volume)

As shown in Figures 55-56 and in Table 39, the freshwater lens in L. Gan Island is
abruptly reduced after seawater overwash. The freshwater volume regiestientages in the
intermediate and the severe overwash scenarios are nearly the same. This tbafithe
response that GDh. Thinadhoo Island had, that larger islands are less affebextigmt of the
overwash event flooding. Figures 55-56 show recovery patterns in L. Gan Islandlifiedent
recharge ratesGenerally, it is observed that there is no strong variability between patterns.
However, the results show that a quicker freshwater lens recovery ipateticunder mitigated

emissionscenario.
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Figure57 Two dimensional cross sections for freshwater lens recovery progredsioimi@mediate and severe stormsLfor
Ganlsland under historical monthly average recharge rates
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The freshwater lens is expectedestore 455% of its pre overwash volume after 2 years
following an intermediate overwash event, while under severe overwash evertgstiwater
lens will restore 345% of its pre overwash volume after 2 year after the overwash event.
Moreover, reovery curves seem to be flatter for L. Gslandif compared to smalfaslands such
as N. HolhudhooAs for pumping effect, results show that groundwater extraction reduced the
freshwater lens recovery after 2 years H95b in the intermediate and severe overwash scenarios
which is considered a minimahpact The shallow freshwater lens is instantly dgex After the
overwasha plume of seawater is observed. The extent of the seawater water plume remains the
same even after 120 days in the severe storm scenario, while a thin lagshefater is formed
atop the seawater plume after 120 days in the intermediate storm scenakes #liout 180 days
to form that thin freshwater layer in the severe storm scenafier 450days, the freshwater lens

begins to restore pre overwash shape in the®thvash scenaridgigure ).

6.4.5 Island Siz&ffect on Recovery Time

As shown above in the previous sections, laspewed relatively less recovery
percentages even after two yedrse bigger volume of the freshwater lens needs longer time to
havethat lens recovered after being salinized by seawdtpre B shows the relation between
the pre overwash lens volume, and the average lens recovery percentageat{égonyC, and
Category 2 storms) with the historical recharge forcing. The relationearli hence, the average

recovery percentages of other islands can be easily determined.
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6.5 Conclusion

Marine overwash eveis the process of sudden increase of sea level induced by the
occurrence ofsunamis, storm surge, rogue waves, strong wave set-up accompanied with
enhancedvinds activity. Such kind of environmental condisaepresenserious threat tthe
freshwater esources in small and low lying atoll islands. Seawater may partially or completel
inundate islands and seawater ponds are formed. Ponding seawater infiltcaigis the
unsaturated zone and salinizes the shallow water table. Advanced understarftétigaos$ient

aquifer recovery and freshwater lens development following an oveimdsted aquifer
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salinization isessentialWhile most published research in this field did not model the problem in
three dimensions, neither included variable rainfaligpasinduced by climate changeto

account. This research developed and appligdericalmodels taatoll islands within the study
areato quantify freshwater lens recovery dynamics.

Calibrated SEAWAT models which were developed imagter 3 weremployed to
investigate the recovery pattsrfor the studied islands in the Republic of Maldives following
two categories of hypothetical intermediate and severe overwash alamésions in overwash
extents (seawater ponding depth, and storm duration) did not show significant additional
damages to the freshwater lens. The controlling factor into classifyergetierity of overwash
events is the percentage of land area inundated. Selected islands represenshartdwsdths,
two climatic regions andssociated rainfall pattern (Northern and Southern regions), and
geologic characteristics (hydraulic conductivity) to provide a compreheassassment of
freshwater lens post overwash events recovery in atoll islands aquifers.

Results showed instant dage of freshwater lens in all islands. Freshwater reserves
depleted to critical levels in small islaneispecially in severe overwash events simulations as
seawater inundated as high as tmel of islands land are&aarger islands showed relatively
slowe recovery patternsvhere percentages for the recovered freshwater lenses after two years
following the storms were a bit lower than percentages in smaller islands.tbtiteggaission
climate change models showed that freshwater lenses may rgoosiesrin both climatic
regions studied, while other RCPs scenarios did not show any variabilityhwéees lens
recovery in comparisoto historical averagedhe effect of pumping caused a lag in freshwater
lens recovery especially in smaller islands ursdgere overwash events scenarios. Generally,

freshwater lenses in modeledands restored 35-65% of their pre overwash status within 2 years
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flowing overwash evest The results of the expected recovery times in this research seem higher
than the recovery times predicted by other studies (e.g. Bailey and Jenson, 2013legnd Ba
2015). Using monthly variable recharges, which account for dry seasons, rather than just
applying steady recharge rates caused that prolonged recoverydmiesstanding theecovery
patternsof post overwash freshwater lens and quantifying the time required to restore the pr
overwash status is an important aspedftdctivewater resoures managememor individual

atoll island communities and for governments of atoll nations. Although this\sasgpplied

to a specific region, the applied methodology can be generalized to similarlatallaguifers

of comparable sizes and aquifeachcteristics t@rovide an indication of freshwater lens

recoveryafteroverwash evestfor islands inother atollislands natios.
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CHAPTER 7. FRESHWATER SUPPLY VULNERABILITY ANALYSIS IN ATOLL

ISLANDS UNDER ANTHROPOGENIC AND ENVIRONMENTAL STRESSES

In this chapter, the fresh groundwater supply fluctuation in atoll islands’ comasudite
various stresses such as: rainfall variability, coastal areas inundation, andgisragdressed to
provide an overall evaluation of water securityatoll islands basednothe previous chapters

findings.

7.1 Introduction

Groundwater represents a crucial and valuable water resawsc®ll atoll islands.
Usually, people in atoll islands communities extract groundwater manuaily h@snd dug wells
which penetrate few meters through the unsaturated zone. Electric pumpssilsotarse
developing nations where larger amounts atex can be extracted. The groundwater is extracted
from the lens shaped, and shallow water that floats over more saline seawatter tiie
extreme fragility of the fresh groundwater lens, extracted groundwatdrjecsto seasonal and
occasional dept®n due to various reasons such as drought periods, or catastrophic fresh
groundwater lens damage due to overwash events. On the other hand, extreme pumping rates i
wet seasons could caussawater upconing and temporary salinization of the acasfagher
pumping rates promotes seawatexing with freshwater.

To optimize water supply, efficient water management practices shoutddreezl and
appropriate groundwater extraction rates should be taken into future wategsipbatas. In this
chapter he findings of the previous work done regarding threats that could deplete freshwate

reserves are employed to conduct a vulnerability analysis of the futwe stdtesh
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groundwater supply for domestic purposes under variety of str@ssegle raindll patterns,
sea level rise, overwash events, and population grdatdhxould deplete freshwater reserves in

atoll islands communities.

7.2 Methods
7.2.1 PopulatiorGrowth Estimation

The number of island inhabitants is a key factor in determining waéggts in atoll
islands communities. Hence, a future projection of islands population is needed tteestitea
demands. Population growth rates as reported by islands @&fgeportedn Bangladesh Ltd.
groundwater investigation reports (2010a, b, c, d) are used as well as totatipopul2009 to
forecast population in the upcoming decades. Table 40 shows islands population in 2009 and

associated growth rates.

Table40 Islands population and associated population growth fislesds office datas reported by Banglade€onsultant
Ltd. field reports 2010 a; b; c).d

Island Population in 2009 Growth rate
N. Holhudhoo 2,063 0.34%
N. Velidhoo 2,256 1.15%
GDh. Thinadhoo 6,745 1.25%
L. Gan 4,208 13.5%

The population growth rates listed in Table 40 are based on 2006 till 2009 population increase,

we note that L. Gan island population increased by 13.5% annually, which is a hugsdnsce
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a morerealistic growth rate of 4% will be usetio estimate future growth, an exponential
growth equation is used. Equation (7.1) forecasts future populatiom gitars for developing

regions with population more than 2000 (SANAA, 1991) as follows:

P =R(1+G) (7.1

where

P, is the future population after ye:
P. is the current population

G is the annual population growth ra

n is the number of years

7.2.2 Fresh groundwater suppgtimation and reliabiliturves

Available fresh groundwater lens volumes until 2050 were modeled in the study area
under variety of environmental conditions that may affect the freshwateitgud@he porosity
of the upper Holocene aquifer is multiplied by the saturated freshwaterdiemse to provide an
estimate of the amount freshwater volume residing in the pore spaces whichdsreohs
However, the maximum quantity of water that can be pumped out of the unconfined aquifer is
defined by the specific yiel&) as not all water can be pumped out due to retention. However,
the amount that is usually pumped is very less than the saturated volume multiptied by t
specific yield (which equals the porosity if the speaiéitention is neglected) as pumping is
constrained to the sustainability constraint where pumped water should nat thecaenount of
annual recharge in addition to the pumping technologies limitations in such a develomng nati
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Falkland (2010 a,b,c,ds@mated that only 30% of recharge volume can be extracted to retain
freshwater lens sustainability in the Northern atoll islands of the Mal@ind 35% in the
Southern atoll islands of the Maldives in the study a@#aer investigations on other small
islands recommend that 25%-50% of the annual recharge to the groundwater lens can be pumped
without causing lens depletion (Falkland, 1991). The estimation of Falkland (2010) eckamine
and selected in the context of analyzing future groundwater trendshMuattirian atolls by
running simulations to assess such pumping rates long term impact on the depletion of the
freshwater lens.

The recharge volume is calculated by multiplying the depth of recharge bilatiek is
surface area. The depth of recharge igesatlto variability according to the climatic forecasts
which were presented and analyzed in Chapter 4. Moreover, the island area carfchange
shoreline recession occurs or over-wash events salinize portions of islandsa&ieg pumping
in the over washed parts inappropriate. To provide a normalized approach to compare all
possible threats that may affect the freshwater lens, cumulative prgbdisilitbutions for each
of the scenarios modeled in Chapters 4, 5, and 6 are created to assess thetpaftataining

the minimum accepted threshold for securing daily domestic demands of freshwaily.

7.2.3 Groundwater Pumping Rates Evaluation

Pumping rates impact assessment is conducted by running simulations with tlstesligge
pumping rates to thealibrated models fat0 years and adding the pumping stress through a
number of wells (5 wells in N. Holhudhoo, and N. Velidhoo; 10 wells in GDh. Thinadhoo; 20
wells in L. Gan) spread across each island. The pumping rates are assigned to be 35% a

of recharge in the Northern and in the Southern Islands respectively. Accaréaliand
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(2010) these percentages are converted based on the annual recharge averagéha/@ay K

and 10 KL/ha/day in the Northern and Southern climatic regions respectively. The dbeasve
volumes in December, 2009 were taken as initial conditions for the models. Theateslens
volume during the 10-year period with and without pumping is shown in Figure 57 for the four
islands. It is concluded that the suggested pumping rates do not cause long term depletion from
initial conditionto the freshwater lens for all islands except L. Gan where higher pumpasg rat
can be applieBy estimatimg the groundwater volume that can be extracted from the
groundwater lens, available freshwater to island communities under eachstekiaown. And

so, the vulnerability of groundwater supply according to each potential threat is igdantif

Hence, a nak of the most severe situations of water shortage can be found, and the molst critica
threat to the water lens can be identified. This information can promote morergfficter
resources management practices by giving island communities what envitahonen

anthropogenic threats that are most severe so future water security plaasi@@oordingly.
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Figure59 Pumping rates suggested by Falkland (2010) evaluatioA.fd. Holhudhoo IslandB. N. Velidhoo IslandC. GDh.

ThinadhooD. L. Gan E. Mid-Island cross section for GDh. Thinadhoo after 10 years without puntpiMid-Island cross

section for GDh. Thinadhoo after 10 years with pumping. Red color denotes sean@talue denotes freshwater with
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7.2 4DomesticWater DemandEstimation

Estimates of water demand are necessary to plan for water supply. Islatalbki
communities, residential sector is the main water consuming sector espeaallglimslands
with no industrial demand. The domestic (residential) freshwater demand inaundesnptive
(drinking, and cooking) and non-consumptive uses (clothes washing, sanitary clemhiodeh

flushing). Through the field work that was done by Falkland (2001) on the islands in the
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Republic of Maldives, estimations were made for islands inhabitants’ wa®naod demands.
The domestic freshwater supply is dependent on the used sewage water digsiange s
according to the following:

e 50 Liters/capita/day if no toilet flush is used

e 70 Liters/capita/day if pour flush is used

e 100Liters/capita/day if cistern flush is used
Based on different classes of sanitation systems, the water demand isedéndanultiplied

by island total population.

7.3Results
7.3.1 N. Holhudhoo Island

The groundwater suppfyom thefreshwater lens in N. Holhudhoo Islaadalysis results
under the base scenario (only climate change through 2050), sea level ris@scamnd two
categories of overwash eveair® presented in this section. Category 1 storm refers to the
intermediate storm scenario, whilategory 2 refers to the severe storm scenario. Figdres
shows exceedance probability distributions for monthly average groundwater supplgactte
scenario. Figuré2 shows the annual averages and time series fluctuation for the groundwater
supply under each scenario. Population growth for N. Holhudhoo Island is calculated using the
exponential growth equation (7.1) and is shown in Figurd b6 best climatic model in each
RCP scen@o is used in Figure 60. The results of otblénatic models are shown in the

Appendix.
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Figure60 Population growth in N. Holhudhoo Island from 2e4@6Q
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Figure61 Exceedance probability distribution for monthly groundwater supply avéibaged on pumping rate = 30% of the
monthly rechargein N. Holhudhodslandunder different climatic RCPs forecasts;RCP2.6 using model M1&. RCP4.5
using model M19€C. RCP6.0 using model M1®). RCP8.5 using model M19
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Figure62 Average annuaroundwater supply avera@ieased on pumping rate = 30% of the monthly rechaig®y. Holhudhoo
Islandunder different climatic RCPs forecasts;RCP2.6 using model M1&. RCP4.5 using model M1%;. RCP6.0 using
model M19;D. RCP8.5 using model M19

The results for N. Holhudhoo show that domestic groundwater supply is sulgect to
substantial depletion during overwash events where per capita share of grousdpaitedrops
below the 40 liters/capita/day inazgory 2 overwash evenfea level rise and consequent
beachline recession is ranked second in terms of depleting groundwater sugalyeVfet rose,
the groundwater supply woutdnge between 40 and 50 liters/capita/day. The expected increase
in popuation in the island is small and this reduces the threat to the freshwater lens due
increasing demand. The results show a seasonality trend in fresh groundwatewbepplyer
capita groundwater supply share fluctuate between 60s and 70s literdegpisand
inhabitants should follow the most conservative water sanitation system bythesimgst water

efficient system to preserve their fragile and vulnerable groundwateFlatnse water plans
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should be established on frequent water shortages and should include other watersrésourc

secure water demands.

7.3.2 N. Velidhoo Island

The groundwater suppfyom freshwater lenanalysis resultg N. Velidhoo Island
under the base scenario (only climate change through 2050), sea level ris@s@ativo
categories of overwash eveair® presented in this section. Category 1 storm refers to the
intermediate storm scenario, whilategory 2 refers to the severe storm scenario. Figdres
shows exceedance probability distributions for monthly average groundwater supplgactte
scenario. Figuré5 shows the annual averages and time series fluctuation for the groundwater
supply under each scenario. Population growth for N. Velidélaodis calculated using the
exponential growth equation (7.1) and is shown in Figurd B8 best climatic model in each
RCP scenario is used in the shown Figures. The results of other climatic modélsvemen the
Appendix. As shown in Figures 64-65, the predicted fresh groundwater supply has alggason
trend and the reliable supply in extreme overwash scenarios can barely secareahéd dith
no freshwater surplus which can be used for other consumptions. It also noted the éreshwat
subsurface resee is vulnerable to the anthropogenic stress induced by population growth.
Despite the relatively low population growth rate, the average annual fagidgrater supply
curves have long terms declining trends unlike N. Holhudhoo Island where thequ@aoual
fresh groundwater supply curves have a near zero long term slope. The typa shwidd¢ion
used in this island would significantly affect whether or not water shortagescar, so more

efficient water sanitation usage is critical in thisuml.
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Figure63 Population growth in N. Velidhoo Island from 26205Q
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Figure64 Exceedance probability distribution for monthly groundwater supply avéibaged on pumping rate = 30% of the
monthly recharge)n N. Velidhoo Islandunder different climatic RCPs forecasts; A. RCP2.6 using model MIBCB4.5 using
model M19; C. RCP6.0 using model M19; D. RCP8.5 using model M19
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Figure65 Average annual groundwater supply averdgesed on pumping rate = 30% of the monthly rechaigéy. Velidhoo
Islandunder different climatic RCPs forecasts;RCP2.6 using model M1&. RCP4.5 using model M1%;,. RCP6.0 using
model M19;D. RCP8.5 using model M19

7.3.3 GDh. Thinadhoo Island
The groundwater supply from freshwater lens in GDh. Thinad#landanalysis results

under the base scenario (only climate change through 2050), sea level risescamnd two

categories of overwash eveat® presented here. Category 1 storm refers to the intermediate

storm scenario, while &egory 2 refers to the severe storm scen&igures 67 shows

exceedance probability distributions for monthly average groundwater supply acter e

scenario. Figuré8 shows the annual averages and time series fluctuation for the groundwater

supply under each scenario. Population growth for N. Holhudhoo Island is calculated using the

exponential growth equation (7.1) and is shown in Figurd b6 best climatic model in each

RCP scenario is used in the shown Figures. The results of other climatic modélevaman the

Appendix.
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Figure66 Population growth in GDh. Thinadhoo Island from 2@05Q
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Figure67 Exceedance probability distribution for monthly groundwater supply avéibaged on pumping rate = 35% of the
monthly recharge)n GDh. Thinadhodsland under different climatic RCPs forecasts; A. RCP2.6 using nwt&IB. RCP4.5
using model \8; C. RCP6.0 using model 31D. RCP8.5 using model 84
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Figure68 Average annual groundwater supply averdgesed on pumping rate = 35% of the monthly rechairg&Dh.
Thinadhoo Island under different climatic RCPs forec#st®CP2.6 using model M1B. RCP4.5 using model ME;,. RCP6.0
using model . RCP8.5 using model M3

As shown in Figures 67-68, the results of GDh. Thinadhoo are less variable and
groundwater reserves are more sustainable in terms of securing doongsitydrs cases of
extreme environmental conditions such as severe droughts and overwash events. Tish overwa
events are the modangerous threat that endanger the water supply in this island, however,
accelerated sea level rise rates may have as severe as intermediate overwash eventsimpact on
depletion of the fresh lens. Moreover, the population growth in this big island sebmge a
clearer impact on the freshwater depletibine selection of appropriate water sanitation system
is important in determining the status of the fresh groundwater supply stpacadly in
overwash events and accelerated sea level rise. Alterris@shwater resources should be

considered to secure demands for accelerated population growth.
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7.3.4 L. Gan Island

The groundwater supply from freshwater len&.ilGanlIslandanalysis resultsnder the
base scenario (only climate change through 2% ,sea level rise scenario (accelerated
scenario)and two categories of overwash everts presented in this sectidbategory 1 storm
refers to the intermediate storm scenario, w@déegory?2 refers to the severe storm scenatrio.
Figures70 shows exceedance probability distributions for monthly average groundwater supply
under each scenario. Figure 71 shows the annual averages and time serie®flfotuhie
groundwater supply under each scenario. Population growth @anlsland is calculated using
the exponential growth equation (7.1) and is shown in Figur&l@&®best climatic model in each
RCP scenario is used in the shown Figures. The results of other climatic modbigvamenthe

Appendix.

16000
14000

12000

1

10000

[sland populatior

8000

6000

4000
Jun-10 May-20 May-30 May-40 May-50
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Figure70 Exceedance probability distribution for monthly groundwater supply avéibaged on pumping rate = 35% of the
monthly recharge)n L. Gan Island under different climatic RCPs forecasts; A. RCP2.6 osidgl M17; B. RCP4.5 using
model M3; C. RCP6.0 using model M3; D. RCP8.5 using model M3
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As shown in Figure$9-70, the fresh groundwater reserve in L. Gatandis fairly
sufficient for domestic water supply even in extreme environmental comglittThe domestic
supply will be above the 1000 Liter/capita/day more tha¥b of the study period. The plenty of
available fresh groundwater reserve promote the usage of water in othes sechtasagriculture.
However, the rapid population growth will certainly deplete the fresh lenswftigmate increased
than the expected percentage desdribe the Methods section. The variability in fresh
groundwater quantity due to climate change, accelerated sea level rise, and oegengshkes
not contribute to water shortage situai@as the groundwater lens can sustain against these
stresses. In general, the groundwater in the island is plenty and the vulnerabiéishefater lens

to depletion is minimal due to environmental conditions.

7.3.5 Results Summary
In this section, the results of groundwater supply analysisusnenarized. Tablesl444 show
the average annual yield from groundwater lens in the modeled islands in eachuti¢itade

2050.

Table41 Average groundwater yield frofreshwater lens in each decade until 2050 under variety of environmentsésires
N.Holhudhoo IslandL/Capita/Day)

. . climate climate
climate cllmate. cllmate_ change with  change with
Year RCP change change W.'th change V\."th Category 1 Category 2
only consSeLr;/aatNe aggSrLe;swe overwash overwash
event event
2020 53 48 45 40 29
2030 57 52 48 43 32
2040 2.6 57 52 49 43 32
2050 55 50 46 41 30
2020 55 50 47 42 31
2030 52 48 44 40 29
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2040 4.5 62 57 53 47 35

2050 59 54 50 45 33
2020 64 59 55 49 36
2030 60 55 51 45 33
2040 6.0 52 48 44 40 29
2050 59 54 50 45 33
2020 67 61 57 51 37
2030 63 58 54 48 35
2040 8.5 65 60 56 50 36
2050 63 58 54 48 35

Table42 Average groundwater yield from freshwater lens in each decade until 2080vamiety of environmental stresses in
N.Velidhoo IslandL/Capita/Day)

. . climate climate
climate cllmatg change chmate_ change with  change with
with change with
Year RCP change . : Category 1 Category 2
conservative aggressive
only overwash overwash
SLR SLR
event event
2020 133 125 117 103 83
2030 ”6 133 125 117 103 83
2040 ' 123 116 109 95 77
2050 108 102 95 84 67
2020 139 131 122 107 86
2030 45 122 115 107 94 76
2040 ' 134 126 118 104 83
2050 117 110 103 90 73
2020 163 153 143 126 101
2030 6.0 140 132 123 108 87
2040 ' 112 106 99 87 70
2050 117 110 103 90 73
2020 169 159 149 130 105
2030 85 148 139 130 114 92
2040 ' 141 132 124 109 88
2050 126 118 111 97 78
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Table43 Average groundwater yield from freshwater lens in each decade until 2880vamiety of environmental stresses in
GDh. Thinadhoo Islan{l/Capita/Day)

. climate change climate climate_ cIimate.
climate with chanae with change with  change with
Year RCP change . ge w Category 1  Category 2
conservative aggressive
only overwash overwash
SLR SLR
event event
2020 223 204 189 187 165
2030 6 178 163 151 149 132
2040 ' 191 175 161 159 141
2050 155 142 131 130 115
2020 178 163 150 149 131
2030 45 176 161 149 147 130
2040 ' 136 124 115 113 100
2050 137 126 116 115 101
2020 179 164 151 149 132
2030 6.0 163 149 138 136 120
2040 ' 154 141 130 129 114
2050 135 123 114 113 100
2020 205 187 173 171 151
2030 138 126 116 115 102
2040 8.5 118 108 100 99 88
2050 153 140 130 128 113

Table44 Average groundwater yield from freshwater lens in each decade until 2@80vamiety of environmental stressed.in
Ganlsland(L/Capita/Day)

. . climate climate
climate cllma\t/;tﬁhange chglrlwm:t\(/avith change with  change with
Year RCP change . ge w Category 1  Category 2
conservative aggressive
only overwash overwash
SLR SLR
event event
2020 2058 1859 - 1738 1546
2030 26 1384 1250 - 1169 1039
2040 ' 1248 1127 - 1054 937
2050 856 773 - 723 643
2020 1639 1480 - 1384 1230
2030 1366 1234 - 1154 1026
2040 4.5 888 802 - 750 666
2050 756 683 - 639 568
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2020 1646 1486 - 1390 1236

2030 6.0 1265 1142 - 1068 950
2040 1008 910 - 851 757
2050 743 671 - 627 558
2020 1887 1704 - 1594 1417
2030 85 1068 965 - 902 802
2040 ' 775 700 - 655 582
2050 845 763 - 714 635

7.4 Discussion and Conclusion

Freshwater supply is an essential need for human being existence. In latalk is
communities, groundwater reserves existing in the form of a thin lens floatipgedawater are
one of the most important freshwater sugplyislands inhabitant. This fresh groundwater lens is
subjectto damage due environmental stresses which have been discussed irCtejati¢ss 4, 5,
and 6. In order to assess the vulnerability of this fragile and thin freshwatehkeasility of four
selected islands to secure dngvater needs for islands’ inhabitant in different climatic and
environmental situationss analyzed In order to successfully maintain adequate freshwater
supply, reliability curves were developed to quantify the expected probabilityd yield of per
capita demand from the freshwater lens under potential scenarios of sea éemalrizverwash
events coupled with variable rainfall patterns due to anticipated clihmategh the study period.

Recommended pumping rates by Falkland (2010) were examaeatetermine the
appropriate pumping rates that do not cause long term fresh groundwater lensrddplisti
concluded thapumping 30%, and 35% of the monthly recharge volimte Northern, and
Southern islands are appropriate to sustainably preserve the fresh groundwatdrdanalysis
of the vulnerability of fresh groundwater lenses in the study area islandsdstmt@verwash
events are thenostsevere environmental threat that can significantly reduce fresh groundwater

supply. The anthropogenic population growth stress contributed to significant per cdpita dai
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supply reductionn bigger islandswvhich expectrapid population growth, whiléhe population
growth effect in smaller islands minimalwhere lower rates of population growth are ectpd
The use of appropriate water sanitation system is critical in smaller islandgeimiténg the
frequency of water shortages events, while this factor impact in largedsstan be neglected

due larger amounts of available fresh groundwater.
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CHAPTER 8. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

In this chapter, the main conclusions of this dissertation are summarized, and future
recommendations regarding atoll islands freshwater resources managewhdature research

challengesn the field of atoll islands groundwater hydrology are presented.

8.1 Atoll Islands Fresh Groundwater Lens Sustainability

The freshgroundwater supply on atoll islands is very fragile and is under continual threat
due to the general small geograpsize of the islands and from climatic and anthropogenic
stresses such as changing rainfall patterndeseérise, wave ovewash events, and population
growth. The dissertation presented methods for quantifying the extent®fthesses and the
consequent effects on islands inhabitants’ per capita freshwater shaaritiuded thahe
main attribute that controls the sustainability of the fresh groundwater léesasea of the
island. Bigger islands possess adequate space for fresh groundwater lens daveldpnte,
bigger islands tend to have sufficient fresh groundwater reserves that agstast
environmental and anthropogenic stresses. On the contrary, smaller islandsriverefridsh
groundwater lenses which are extremely vulnerabbkny environmental or anthropogenic
streses

Groundwater lens in atoll islands aquifers is recharged from rainfall trctlpees
through the coarse unsaturated zone and is considered the only forcing for devedimng-th
surface lens. Rechargeeatin the upcoming decades are subject to variability due to climate
change. Variable rainfall patterns forcing was found to have a significaatton smaller

islands rather than bigger ones. Smaller islands showed strong variabilityduentis

174



uncetainty associated with climatic forecasts for the upcoming decades. On theio#he
variable rainfall patterns did not contribute to a similar seasonality trerids bigger islands.
The sea level rise threat impact on reducing fresh groundwaterdkmse was also
investigated. Smaller islands would substantially be affected by beaddession induced by
sea level rise even with slower rates of sea levellResults showed that smaller islands may
losssignificant portions of their fresh groundwater lens volume due to the effecidvidad
coastal line movement, while bigger (wider) islands exhibited minor damagée fllteshwater
lens even with accelerated sea level rise rideseover, the dissertation contributeditdd of
atoll islands hydrology by modelling in three dimensional approach the fresh gratendisns
recovery following marine overwash events. The recovery patterns were maosialgditferent
recharge patterns and including the top performing GCMstiedict the future rainfall in the
study area. Overwash freshwater lens recovery modelling presents anmbiretdapth
understanding for the recovery patterns to help water managers in atoll islapgsaising
alternatives for freshwater supply iach catastrophic eventsresh groundwater supply
reliability curves were developed to predict fresh groundwater yield fromsl#wlds aquifer
under different situation of variable rainfall patterns, sea level risersagnand overwash

events

8.1.1Rainfall Variability
Tables %-48 summarize the results of predicted freshwater lens volumes for the four
study islands from 2012050 under variable rainfall rates to account for anticipated climate

change. The best GCMs in different RCPs scenariosnrstef matching historical rainfall data
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were employed to calculate transient recharge for two climatic regions Regbublic of

Maldives (see Chapter 4).

Table45 Predicted averages freshwater lens @/1§20402050)for sea levetiseimpact on N. Holhudhoo Islaratcording to
differentpossible sea level rise rates coupled with different posRiBRsforcing scenaris.

RCP GCM GCM No SLR Conserv. Aggres. % reduction % reduction
ID ranking (Mm3) SLR SLR Conserve. Aggres.
(Mm3) (Mm3)
2.6 M18 1st 0.28 0.22 0.19 20.9% 32.7%
2.6 M19 2nd 0.22 0.17 0.15 21.0% 33.0%
2.6 M4 3rd 0.21 0.16 0.14 20.9% 33.0%
4.5 M19 1st 0.33 0.27 0.23 18.4% 29.4%
4.5 M8 2nd 0.18 0.14 0.12 23.4% 34.8%
4.5 M18 3rd 0.28 0.22 0.19 20.6% 32.3%
6.0 M19 1st 0.34 0.28 0.24 17.7% 29.4%
6.0 M18 2nd 0.30 0.24 0.21 21.1% 31.4%
6.0 M4 3rd 0.20 0.15 0.13 21.4% 34.2%
8.5 M19 1st 0.33 0.27 0.24 19.1% 29.4%
8.5 M8 2nd 0.17 0.13 0.11 22.8% 36.3%
8.5 M4 3rd 0.20 0.16 0.13 21.3% 32.5%

Table46 Predicted averages freshwater lghBn®) (2040-2050) for sea level risenpact on N. Velidhodsland according to
different possible sea level rise rates coupled with different possible fefeig) scenarias

RCP GCM GCM ranking No SLR Conserv. Agg. % %
ID SLR SLR reduction reduction
Conserv. Agg.
2.6 M18 1st 0.95 0.84 0.73 11.8% 23.2%
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2.6 M19 2nd 0.85 0.75 0.65 11.7% 23.2%

2.6 M4 3rd 0.82 0.72 0.63 11.5% 23.0%
4.5 M19 1st 1.24 1.09 0.94 12.1% 24.4%
4.5 M8 2nd 0.77 0.68 0.59 11.8% 23.7%
4.5 M18 3rd 0.83 0.74 0.64 11.5% 23.2%
6.0 M19 1st 1.27 1.12 0.96 11.9% 24.0%
6.0 M18 2nd 1.00 0.89 0.77 11.7% 23.0%
6.0 M4 3rd 0.80 0.70 0.61 11.8% 23.4%
8.5 M19 1st 1.24 1.09 0.94 12.2% 24.1%
8.5 M8 2nd 0.69 0.61 0.52 12.4% 24.8%
8.5 M4 3rd 0.80 0.71 0.62 11.6% 23.2%

Table47 Predicted averages freshwater l€hBn®) (2040-2050) for sea level rise impact @Dh. Thinadhoolsland according
to different possible sea level rise rates coupled with different possilite f€&ing scenarios

RCP GCM GCM No SLR Conserv. Aggressive % %
ID ranking SLR SLR reduction reduction
Conserv. Agg.
2.6 M17 1st 6.42 5.54 4.73 13.8% 26.3%
2.6 M19 2nd 5.97 5.14 4.41 13.9% 26.1%
2.6 M3 3rd 5.90 5.17 4.37 12.3% 26.0%
4.5 M3 1st 6.08 5.18 4.53 14.8% 25.4%
4.5 M12 2nd 5.93 5.16 4.43 13.0% 25.2%
4.5 M7 3rd 5.32 4.60 3.90 13.5% 26.7%
6.0 M3 1st 6.22 5.18 4.67 16.8% 25.0%
6.0 M19 2nd 5.76 5.16 4.30 10.5% 25.4%
6.0 M2 3rd 4.99 4.28 3.71 14.2% 25.5%
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8.5 M3 1st 5.90 5.17 4.37 12.3% 26.0%

8.5 M7 2nd 6.00 5.09 4.34 15.1% 27.7%

8.5 M2 3rd 5.06 4.34 3.77 14.1% 25.5%

Table48 predicted averages freshwater I€iisn®) (20402050) for sea level rise impact anGanlsland according to different
possible sea level rise rates coupled with different possible RCPs foceimayi®s

RCP GCM GCM No SLR Conserv. Agg. % %
ID ranking SLR SLR reduction reduction
Conserv. Agg.
2.6 M17 1st 55.13 49.50 - 10.2% -
2.6 M19 2nd 51.93 47.08 - 9.3% -
2.6 M3 3rd 51.57 46.61 - 9.6% -
4.5 M3 1st 52.64 47.44 - 9.9% -
4.5 M12 2nd 54.98 49.21 - 10.5% -
4.5 M7 3rd 47.93 43.58 - 9.1% -
6.0 M3 1st 53.83 48.93 - 9.1% -
6.0 M19 2nd 49.19 44.96 - 8.6% -
6.0 M2 3rd 44.87 39.93 - 11.0% -
8.5 M3 1st 51.57 47.43 - 8.0% -
8.5 M7 2nd 51.96 46.59 - 10.3% -
8.5 M2 3rd 45.17 40.67 - 10.0% -
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8.1.2Sea Level Rise

Tables 4952 summarize the results of predicted freshwater lens volumes for the four
study under the influence of potential SLR scenarios coupled with GCMs forirasis period
of 2040-2050. Two SLR scenarios were simulated (except for one SLR scenario for L. Ga

Island) to examine the effect of beachline recession due to SLR (see chapter 5).

Table49 Predicted averages freshwater lens @/1§20402050)for sea levetiseimpact on N. Holhudhoo Islaratcording to
differentpossible sea level rise rates coupled with different posRiBRsforcing scenaris.

RCP GCM GCM No SLR Conserv. Aggres. % reduction % reduction
ID ranking (Mm3) SLR SLR Conserve. Aggres.
(Mm?) (Mm?)
2.6 M18 1st 0.28 0.22 0.19 20.9% 32.7%
2.6 M19 2nd 0.22 0.17 0.15 21.0% 33.0%
2.6 M4 3rd 0.21 0.16 0.14 20.9% 33.0%
4.5 M19 1st 0.33 0.27 0.23 18.4% 29.4%
4.5 M8 2nd 0.18 0.14 0.12 23.4% 34.8%
4.5 M18 3rd 0.28 0.22 0.19 20.6% 32.3%
6.0 M19 1st 0.34 0.28 0.24 17.7% 29.4%
6.0 M18 2nd 0.30 0.24 0.21 21.1% 31.4%
6.0 M4 3rd 0.20 0.15 0.13 21.4% 34.2%
8.5 M19 1st 0.33 0.27 0.24 19.1% 29.4%
8.5 M8 2nd 0.17 0.13 0.11 22.8% 36.3%
8.5 M4 3rd 0.20 0.16 0.13 21.3% 32.5%
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Table50 Predicted averages freshwater l¢Bn3) (20402050) for sea level risenpact on N. Velidhodsland according to
different possible sea level rise rates coupled with different possible fefeig scenarias

RCP GCM GCM ranking No SLR Conserv. Agg. % %
ID SLR SLR reduction reduction
Conserv. Agg.
2.6 M18 1st 0.95 0.84 0.73 11.8% 23.2%
2.6 M19 2nd 0.85 0.75 0.65 11.7% 23.2%
2.6 M4 3rd 0.82 0.72 0.63 11.5% 23.0%
4.5 M19 1st 1.24 1.09 0.94 12.1% 24.4%
4.5 M8 2nd 0.77 0.68 0.59 11.8% 23.7%
4.5 M18 3rd 0.83 0.74 0.64 11.5% 23.2%
6.0 M19 1st 1.27 1.12 0.96 11.9% 24.0%
6.0 M18 2nd 1.00 0.89 0.77 11.7% 23.0%
6.0 M4 3rd 0.80 0.70 0.61 11.8% 23.4%
8.5 M19 1st 1.24 1.09 0.94 12.2% 24.1%
8.5 M8 2nd 0.69 0.61 0.52 12.4% 24.8%
8.5 M4 3rd 0.80 0.71 0.62 11.6% 23.2%

Table51 Predicted averages freshwater l€hBn®) (2040-2050) for sea level rise impact @Dh. Thinadhoolsland according
to different possible sea level rise rates coupled with different possilite ®€ing scenarios

RCP GCM GCM No SLR Conserv. Aggressive % %
ID ranking SLR SLR reduction reduction
Conserv. Agg.
2.6 M17 1st 6.42 5.54 4.73 13.8% 26.3%
2.6 M19 2nd 5.97 5.14 441 13.9% 26.1%
2.6 M3 3rd 5.90 5.17 4.37 12.3% 26.0%
4.5 M3 1st 6.08 5.18 4.53 14.8% 25.4%
4.5 M12 2nd 5.93 5.16 4.43 13.0% 25.2%
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4.5 M7 3rd 5.32 4.60 3.90 13.5% 26.7%

6.0 M3 1st 6.22 5.18 4.67 16.8% 25.0%
6.0 M19 2nd 5.76 5.16 4.30 10.5% 25.4%
6.0 M2 3rd 4.99 4.28 3.71 14.2% 25.5%
8.5 M3 1st 5.90 5.17 4.37 12.3% 26.0%
8.5 M7 2nd 6.00 5.09 4.34 15.1% 27.7%
8.5 M2 3rd 5.06 4.34 3.77 14.1% 25.5%

Table52 predicted averages freshwater I€lien®) (20402050) for sea level rise impact nGanlsland according to different
possible sea level rise rates coupled with different possible RCPs foceimayi®s

RCP GCM GCM No SLR Conserv. Agg. % %
ID ranking SLR SLR reduction reduction
Conserv. Agg.
2.6 M17 1st 55.13 49.50 - 10.2% -
2.6 M19 2nd 51.93 47.08 - 9.3% -
2.6 M3 3rd 51.57 46.61 - 9.6% -
4.5 M3 1st 52.64 47.44 - 9.9% -
4.5 M12 2nd 54.98 49.21 - 10.5% -
4.5 M7 3rd 47.93 43.58 - 9.1% -
6.0 M3 1st 53.83 48.93 - 9.1% -
6.0 M19 2nd 49.19 44.96 - 8.6% -
6.0 M2 3rd 44.87 39.93 - 11.0% -
8.5 M3 1st 51.57 47.43 - 8.0% -
8.5 M7 2nd 51.96 46.59 - 10.3% -
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8.5 M2 3rd 45.17 40.67 - 10.0% -

8.1.30verwash Events

Tables 3-56 summarize the results of freshwater lens recovery in the study area after
overwash events. Two categories of overwash events were simulated to accodierémt di
storms. The overwash islands were allowed to recover using both historical and loestipgrf
GCMs. Moreover, the effect of pumping was included to examine its effectayirmigl

freshwater lens recovery (see Chapter 6).

Table53 Freshwater lens recovery percentages 2 years after overwash events usidert dé€hage rates in N. Holhudhoo
Island

% of pre overwash volume % of pre overwash volume

Recharge input GCM ID after 2 years intermed. after 2 years- severe storm
Storm
Historical averages - 79. 2% 55.59%
Historical averages with

pumping - 63.9% 43.0%
RCP2.6 averages M18 88.1% 60.2%
RCP4.5 averages M19 67.6% 47.0%
RCP6.0 averages M19 69.8% 48. %%
RCP8.5 averages M19 67.9% 47.2%%
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Table54 Freshwater lens recovery percentages 2 years after overwash events undet ditdarge rates N. Velidhoo

Island

% of pre overwash % of pre overwash

volume after 2 years volume after 2 years

Recharge input GCM ID intermed. storm severe storm
Historical average - 62.9% 56.3%
Historical average with - 59.1% 52.1%
pumping

RCP2.6 averages M18 67. 70 59.9%
RCP4.5 averages M19 55.4% 49.1%
RCP6.0 averages M19 56.9% 50.6%
RCP8.5 averages M19 55.8% 49.5%

Table55 Freshwater lens recovery percentages 2 years after overwash events uneet diftérarge rates (Bdh. Thinadhoo
Island

% of pre overwash % of pre overwash volume

Recharge input GCM ID volume after 2 years after 2 years

intermed. Storm severe storm
Historical average - 49.1% 45.7%
Historical average with - 43. ™% 39.M%

pumping

RCP2.6 averages M17 55.0% 51.5%
RCP4.5 averages M3 49.0% 45.%%
RCP6.0 averages M3 49.0% 45.%%

183



Table56 Freshwater lens recovery percentages 2 years after overwash events unaet dithiarge rates in L. Gan Island

% of pre overwash volume % of pre overwash volume

Recharge input GCM ID after 2 years- intermed. after 2 years- severe storm
Storm
Historical average - 41.2% 38.6%
Historical average with - 36.1% 33.5%
pumping
RCP2.6 averages M17 48.4% 45.%%
RCP4.5 averages M3 41.5% 38.8%
RCP6.0 averages M3 41.4% 38.%%6
RCP8.5 averages M3 42.1% 39.%%

8.2 Methods Applicability for Similar Atoll Islands Systems

Although the methods in this dissertation were applied specifically to seldetedsisn
theRepublic of Maldives, they can be extrapolated for other islands as atoll isesimilar
aquifer hydrogeological settings. The methods in this dissertation weredaggpistands with
different sizes and different climatic regions, and hence the results teckg@nestimating
freshwater resources can be easily extrapabldigure 72 shows th#tere is a linear relation
between average lens volunmedicted by different RCP models and island atgareliminary
prediction of the average freshwater lens volume can be made by using reshdie/n in
Figure 2. Figure 73 shows the concluded linear relation (on a kspseale) between island
surfaceare and average reduction in the freshwaterdeiesto 20 meters of beachline recession
(average is calculated from 262050 using variable rainfall patterns). It is concluded ldrger
islands in term of surface area are less affected by shorediegsien. The relation between the
percent of volume reduction percentage and island surface area is inverselfigrapon a

semtlog scale Figure 74 shows the concluded relation between theyaevash freshwater
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lens volume and the average percentage of lens recovery after 2 years (avieaagd bn
different recharge ratedj.is concluded thdtarger volumes of freshwater lens need longer time
to recover. The relation between the pre overwash lens volume and the percentage tiew
lens isrecovered after 2 years is inversely proportiamah senylog scale The results of this
research can be used to estimate the sustainability of the freshwatarddres atoll islands

aquifers as atoll islands aquifers share the same hydrogeolagtoas.
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Figure72 Average lens volumes predicted by different RCPs models versus island area
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8.3 Future ResearchRecommendations

This dissertation presented methods to model the hydrological groundwater isystem
atoll islands aquifers. Further research in the hydrology of the unsaturatechdoregatation
contribution to the quantity groundwater recharge is needed. Also, the effead ofSka orthe
volume of freshwater recharge is considered one of potential research opmriarthie field
of atoll islands groundwater hydrology. However, the future research canrmtdected
without more detailed data that describe thd atlands land uses in atoll islands. More data
collection effortsare needetb make further contributions to theld of atoll islandshydrology.
Required data sets inclugdgands land usenore detailegubsurface lithologgata, water
demandsstimdes sea level tidal gauges measurements, and field observations of groundwater
salinity following overwash events. Developing our understanding for the vest@urces in

atoll islands aquifers would help atoll islantstionsto manage their water @srces efficiently.
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APPENDIX

Table A1 GCMs statistical assessment forNleethernclimatic region under RCGP5 scenario

Model ID Correlation Rank Mean Rank  StDev Rank SSE NRMSE  Rank
RE RE
1 0.318 23 0.238 19 0.796 24 5439.77 1.774 24
2 0.524 10 0.240 20 0.079 7 1964.18 1.066 10
3 0.551 9 0.282 22 0.015 2 1839.93 1.032 8
4 0.610 4 0.164 15 0.115 8 1291.49 0.864 4
5 0.408 21 0.067 6 0.005 1 2034.13 1.085 12
6 0.569 7 0.133 13 0.183 14 1852.83 1.035 9
7 0.446 20 0.249 21 0.224 17 1773.53 1.013 6
8 0.557 8 0.108 9 0.036 4 1495.94 0.930 5
9 0.488 15 0.092 7 0.279 18 2381.92 1.174 18
10 0.513 11 0.061 5 0.287 20 2281.46 1.149 17
11 0.505 13 0.103 8 0.177 13 2069.26 1.094 13
12 0.472 17 0.125 12 0.193 15 2257.69 1.143 16
13 0.497 14 0.116 11 0.205 16 2177.64 1.122 14
14 0.506 12 0.114 10 0.056 6 1824.14 1.027 7
15 0.405 22 0.215 18 0.146 10 2521.53 1.208 19
16 0.474 16 0.196 16 0.021 3 1965.91 1.066 11
17 0.574 6 0.160 14 0.430 22 1231.57 0.844 2
18 0.574 5 0.044 3 0.142 9 1280.95 0.861
19 0.671 1 0.054 4 0.051 5 1187.56 0.829 1
20 0.629 2 0.553 23 0.456 23 3314.79 1.385 22
21 0.618 3 0.586 24 0.420 21 3405.09 1.403 23
22 0.469 18 0.202 17 0.279 19 2586.28 1.223 20
23 0.450 19 0.037 2 0.172 12 2240.88 1.139 15
24 0.290 24 0.001 1 0.163 11 2846.26 1.283 21
Model Kendal KS RE Rank BS (%) Rank Sscore  Rank Total Final
ID Slope score Rank
1 0.0075 5.818 24 0.0487 23 0.714 18 122.5 24
2 0.0055 4.000 19 0.0195 11 0.762 15 69.5 13
3 0.0059 4.364 21 0.0130 6 0.827 5 57
4 -0.0026 3.364 16 0.0091 4 0.827 5 43.5 4
5 0.002 0.818 7 0.0058 1 0.869 2 45
6 0.0071 5.455 22 0.0239 14 0.744 16 69 11
7 0.0002 0.818 9 0.0135 7 0.839 4 74 14
8 -0.003 3.727 17 0.0116 5 0.815 8 41 3
9 0.0011 0.000 1 0.0406 20 0.720 17 77 17
10 0.0014 0.273 4 0.0348 19 0.685 23 76 15
11 0.0015 0.364 5 0.0318 18 0.702 21 69 11
12 0.002 0.818 7 0.0415 21 0.714 18 83 21
13 -0.0003 1.273 10 0.0440 22 0.690 22 82 20
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14 -0.0013 2.182 13 0.0315 17 0.714 18 59 7
15 0.0073 5.636 23 0.0293 16 0.792 10 93.5 22
16 0.0013 0.182 3 0.0219 12 0.786 11 59 7
17 0.0033 2.000 12 0.0230 13 0.786 11 62 9
18 0.0003 0.727 6 0.0142 8 0.786 13 335 2
19 0.0047 3.273 15 0.0175 10 0.821 7 27 1
20 0.0053 3.818 18 0.0086 3 0.887 1 81 19
21 0.0041 2.727 14 0.0065 2 0.863 3 80.5 18
22 0.0011 0.000 1 0.0624 24 0.673 24 98.5 23
23 -0.0007 1.636 11 0.0262 15 0.774 14 68 10
24 0.0057 4.182 20 0.0157 9 0.810 9 76 15
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Figure A1 GCMs ranking results for the Northern climatic region undét4&climate change scenario
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Table A2 GCMs statistical assessment for the Northern climatic region R@i#8r0 scenario

Model ID Correlation Rank Mean Rank St Dev Rank SSE NRMSE Rank
RE RE
1 0.376 22 0.213 18 0.736 24 4763.33  1.660 24
2 0.532 7 0.239 21 0.109 7 1993.21 1.074 9
3 0.559 6 0.242 22 0.011 2 1727.70  1.000 5
4 0.619 4 0.121 14 0.060 5 1275.21  0.859 2
5 0.394 21 0.069 7 0.011 1 2095.60 1.101 11
6 0.565 5 0.069 6 0.150 8 1754.30 1.007 7
7 0.452 17 0.194 17 0.162 9 1739.91  1.003 6
8 0.515 8 0.043 5 0.063 6 1761.96 1.010 8
9 0.464 12 0.041 4 0.466 23 3042.05 1.327 21
10 0.467 11 0.105 13 0.448 22 2999.96 1.317 20
11 0.490 10 0.073 8 0.251 16 2291.66 1.151 12
12 0.462 13 0.078 9 0.327 19 2626.24  1.233 16
13 0.459 14 0.088 10 0.296 18 2552.72  1.215 15
14 0.433 18 0.103 12 0.210 13 244412 1.189 13
15 0.373 23 0.232 20 0.165 11 2721.65 1.255 18
16 0.458 15 0.163 16 0.057 4 2047.93 1.088 10
17 0.421 19 0.127 15 0.225 15 1667.37 0.982 4
18 0.500 9 0.003 1 0.169 12 1459.09 0.919 3
19 0.655 1 0.090 11 0.042 3 1252.08 0.851 1
20 0.629 3 0.548 23 0.408 20 3158.46  1.352 22
21 0.647 2 0.576 24 0.437 21 3267.01 1.375 23
22 0.457 16 0.215 19 0.274 17 2646.30  1.237 17
23 0.418 20 0.008 2 0.217 14 2484.48  1.199 14
24 0.292 24 0.012 3 0.164 10 2841.86  1.282 19
Model Kendal KS RE Rank BS (%) Rank S score Rank Total Final
ID Slope score Rank
1 0.0055 4.000 21 0.0415 19 0.720 19 117.5 24
2 0.0045 3.091 18 0.0217 13 0.726 18 68.5 12
3 0.0005 0.545 4 0.0078 4 0.863 4 41 4
4 0.0026 1.364 9 0.0082 5 0.827 7 35.5 3
5 0.0028 1.545 12 0.0067 2 0.869 2 48 6
6 0.0026 1.364 9 0.0256 15 0.708 20 48 6
7 0.0046 3.182 19 0.0075 3 0.863 3 61.5 8
8 0.0052 3.727 20 0.0132 10 0.804 10 47 5
9 0.0021 0.909 6 0.0637 24 0.679 24 87 20
10 -0.0007 1.636 13 0.0621 23 0.685 23 95.5 22
11 0.0027 1.455 11 0.0291 16 0.798 13 66 10
12 -0.0009 1.818 14 0.0477 20 0.738 17 82.5 18
13 0.0009 0.182 2 0.0546 21 0.690 22 79.5 16
14 -0.0019 2.727 17 0.0358 17 0.756 16 81 17
15 0.0089 7.091 23 0.0388 18 0.756 15 100 23
16 0.0033 2.000 16 0.0189 11 0.804 11 64 9
17 0.0089 7.091 23 0.0119 8 0.815 8 72.5 14
18 0.0013 0.182 1 0.0116 7 0.804 12 35 2
19 0.0006 0.455 3 0.0210 12 0.815 9 28 1
20 0.0056 4.091 22 0.0121 9 0.845 6 86.5 19
21 0.0025 1.273 8 0.0022 1 0.929 1 75 15
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22 0.0019 0.727 5 0.0599 22 0.702 21 93 21
23 0.0024 1.182 7 0.0221 14 0.792 14 67.5 11
24 0.0032 1.909 15 0.0087 6 0.857 5 69 13
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Figure A2 GCMs ranking results for the Northern climatic region und€t@Xclimate change scenario
Table A3GCMs statistical assessment for the Northern climatic region under R&RB.&rio
Model ID Correlation Rank Mean Rank St Dev Rank SSE NRMSE Rank
RE RE
1 0.307 23 0.122 14 0.662 24 4708.16 1.650 24
2 0.524 9 0.243 20 0.100 8 2012.04 1.079 11
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3 0.580 5 0.264 21 0.038 4 1739.89 1.003 7
4 0.612 4 0.126 15 0.076 7 1285.32  0.862 3
5 0.424 18 0.045 6 0.005 1 1970.28 1.068 9
6 0.577 6 0.110 13 0.160 9 1751.19  1.006 8
7 0.473 12 0.215 19 0.234 13 1632.80 0.972 6
8 0.519 10 0.085 10 0.018 2 1629.53 0.971 5
9 0.470 14 0.044 5 0.441 23 2927.58 1.301 20
10 0.450 17 0.093 11 0.398 20 2910.14  1.297 19
11 0.470 15 0.047 7 0.295 15 2485.32 1.199 13
12 0.377 21 0.074 8 0.336 18 3034.24 1.325 22
13 0.476 11 0.074 9 0.327 17 2561.21 1.217 15
14 0.416 20 0.097 12 0.209 12 2504.43 1.204 14
15 0.367 22 0.278 22 0.069 6 2590.24 1.224 16
16 0.459 16 0.190 17 0.020 3 2006.65 1.077 10
17 0.544 7 0.142 16 0.417 21 1271.84  0.858 2
18 0.529 8 0.026 2 0.201 11 1347.54  0.883 4
19 0.666 1 0.044 4 0.059 5 121140 0.837 1
20 0.638 3 0.526 23 0.386 19 2972.37 1.311 21
21 0.651 2 0.552 24 0.419 22 3104.95 1.340 23
22 0.421 19 0.192 18 0.315 16 2889.07 1.293 18
23 0.473 13 0.034 3 0.263 14 2379.80 1.173 12
24 0.292 24 0.012 1 0.164 10 284186 1.282 17
Model Kendal KS RE Rank BS (%) Rank S score Rank Total Final

ID Slope score Rank

1 -0.0035 4,182 20 0.0502 20 0.690 22 116 24

2 0.0055 4.000 18 0.0228 13 0.732 18 72.5 13

3 0.0021 0.909 9 0.0128 8 0.851 48 6

4 0.0016 0.455 0.0092 5 0.815 375 3

5 0.0004 0.636 7 0.0078 2 0.869 395 5

6 0.0056 4.091 19 0.0266 15 0.714 20 63 9

7 0.0032 1.909 13 0.0080 3 0.869 59 7

8 0.0016 0.455 4 0.0106 7 0.833 35.5 2

9 0.0035 2.182 15 0.0736 24 0.661 24 935 22

10 0.002 0.818 8 0.0523 21 0.720 19 91 21

11 0.0074 5.727 23 0.0314 17 0.780 13 76.5 17

12 0.0016 0.455 4 0.0394 19 0.756 16 88.5 19

13 0.0015 0.364 2 0.0572 22 0.702 21 74.5 15

14 0.0012 0.091 0.0306 16 0.786 12 72.5 13

15 0.0023 1.091 11 0.0340 18 0.750 17 89 20

16 -0.0007 1.636 12 0.0253 14 0.774 14 66 12

17 0.0064 4.818 22 0.0150 9 0.821 7 65 10

18 0.0007 0.364 3 0.0181 10 0.774 14 38.5 4

19 0.0059 4.364 21 0.0204 11 0.792 11 325 1

20 0.0039 2.545 17 0.0037 1 0.917 75.5 16

21 0.0001 0.909 10 0.0102 6 0.815 83.5 18
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22 0.0038 2.455 16 0.0588 23 0.673 23 102 23
23 0.0104 8.455 24 0.0208 12 0.804 10 65 10
24 0.0032 1.909 13 0.0087 4 0.857 4 62.5 8
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FigureA3 GCMs ranking results for the Northern climatic region under RCP8.&igiochange scenario
TableA4 GCMs statisticahssessment for the Southern climatic region under RCP4.5 scenario
Model ID Correlation Rank Mean Rank StDev Rank SSE NRMSE  Rank
RE RE
1 0.163 23 0.086 7 0.690 21 4173.17 1.800 21
2 0.462 6 0.125 11 0.028 2 1459.83  1.065 4
3 0.525 1 0.001 1 0.113 5 1071.56 0.912 1
4 0.451 8 0.571 22 0.466 18 3822.37 1.723 19
5 0.173 22 0.018 3 0.217 11 2579.24 1.415 11
6 0.467 5 0.173 13 0.613 20 2765.38  1.465 14
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7 0.275 16 0.014 2 0.102 4 2014.17 1.250 7
8 0.348 13 0.290 19 1.092 24 5306.99 2.030 24
9 0.388 12 0.155 12 0.247 13 2099.95 1.277 9
10 0.251 17 0.614 23 0.456 17 4768.57 1.924 22
11 0.197 21 0.657 24 0.444 16 5186.11  2.006 23
12 0.429 10 0.050 4 0.060 3 1533.28 1.091 5
13 0.403 11 0.073 5 0.119 6 1715.09 1.154 6
14 0.339 14 0.111 10 0.183 9 2058.40 1.264 8
15 0.456 7 0.280 18 0.886 22 3922.46 1.745 20
16 0.516 2 0.263 17 0.561 19 2610.91 1.424 12
17 0.451 9 0.188 14 0.177 8 1337.78 1.019 3
18 0.295 15 0.238 16 0.220 12 2482.81 1.388 10
19 0.474 4 0.106 9 0.190 10 1165.64 0.951 2
20 0.160 24 0.437 20 0.021 1 2962.20 1.516 17
21 0.202 20 0.463 21 0.147 7 2740.26 1.459 13
22 0.496 3 0.197 15 0.912 23 3637.00 1.680 18
23 0.217 19 0.077 6 0.356 14 2848.17 1.487 16
24 0.239 18 0.097 8 0.361 15 2802.49 1.475 15
Model Kendal KS RE Rank BS (%) Rank S score Rank Total Final
ID Slope score Rank
1 -0.0086 6.818 22 0.1195 24 0.554 23 106.5 23
2 0.0064 6.818 23 0.0141 5 0.792 6 40 6
3 0.0028 3.545 11 0.0097 3 0.851 3 16.5 1
4 0.0038 4.455 16 0.0440 21 0.631 22 96.5 20
5 0.0047 5.273 18 0.0119 4 0.821 4 60 10
6 0.005 5.545 20 0.0262 13 0.756 9 73 12
7 0.0022 3.000 10 0.0036 1 0.905 1 35 3
8 0.0173 16.727 24 0.0868 23 0.554 23 115 24
9 0.0005 1.455 5 0.0158 7 0.786 7 555 8
10 0.0034 4.091 14 0.0238 10 0.732 14 98 21
11 0.0012 2.091 0.0303 15 0.690 19 105.5 22
12 -0.0006 0.455 0.0223 9 0.750 10 325 2
13 0.0008 1.727 0.0275 14 0.732 14 45 7
14 0.0034 4.091 14 0.0178 8 0.774 8 56 9
15 0.0049 5.455 19 0.0345 19 0.696 18 95 19
16 0.001 1.909 7 0.0323 16 0.720 17 70 11
17 -0.0002 0.818 3 0.0063 2 0.863 2 375 4
18 0.0033 4.000 13 0.0742 22 0.655 21 81 16
19 0.0043 4.909 17 0.0143 6 0.810 5 39 5
20 0.0002 1.182 0.0330 17 0.673 20 825 18
21 0.001 1.909 7 0.0246 11 0.726 16 78 15
22 -0.0012 0.091 1 0.0411 20 0.750 11 75 14
23 0.0031 3.818 12 0.0256 12 0.744 12 73 12
24 0.0057 6.182 21 0.0337 18 0.738 13 82 17
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Figure A4 GCMs ranking results for the Southern climatic region undB4RCG:limate change scenario
Table A5 GCMs statistical assessment forSleathern climatic region under RCP6.0 scenario
Model ID Correlation Rank Mean Rank StDev  Rank SSE NRMSE  Rank
RE RE
1 0.212 21 0.064 3 1.003 24 5230.18 2.015 24
2 0.453 5 0.132 11 0.036 2 1501.79 1.080 3
3 0.515 1 0.008 1 0.121 4 1086.52 0.918 1
4 0.457 3 0.609 24 0.528 17 4171.69 1.800 23
5 0.140 23 0.027 2 0.300 9 2916.11 1.505 13
6 0.435 6 0.127 10 0.513 16 2545.28 1.406 6
7 0.254 16 0.067 5 0.261 8 2461.91 1.382 5
8 0.413 8 0.254 19 0.782 21 3689.31 1.692 18
9 0.150 22 0.200 16 0.560 18 3902.24 1.740 21
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10 0.301 12 0.168 13 0.411 12 2813.53 1.478 10
11 0.287 13 0.206 17 0.635 20 3623.44 1.677 17
12 0.352 10 0.133 12 0.501 15 2834.07 1.483 11
13 0.276 14 0.067 4 0.413 13 2795.74 1.473 9
14 0.262 15 0.123 9 0.448 14 2998.72 1.526 16
15 0.393 9 0.186 15 0.832 22 3813.92 1.721 20
16 0.501 2 0.281 20 0.617 19 2871.54 1.493 12
17 0.313 11 0.214 18 0.165 5 2254.61 1.323 4
18 0.047 24 0.495 23 0.219 7 4125.75 1.790 22
19 0.420 7 0.122 8 0.182 6 1300.24 1.005 2
20 0.233 18 0.455 22 0.024 1 2942.74 1.511 14
21 0.242 17 0.442 21 0.076 3 2683.34 1.443 7
22 0.457 4 0.181 14 0.915 23 3807.50 1.719 19
23 0.215 20 0.073 6 0.395 11 2962.15 1.516 15
24 0.221 19 0.108 7 0.327 10 2777.63 1.468 8
Model Kendal KS RE Rank BS (%) Rank Sscore  Rank Total Final
ID Slope score Rank
1 0.0057 6.182 16 0.0919 24 0.601 23 103.5 24
2 0.0053 5.818 15 0.0137 4 0.792 7 34 3
3 0.0033 4.000 13 0.0066 1 0.869 1 145 1
4 0.0087 8.909 23 0.0316 19 0.667 22 99 22
5 0.0057 6.182 16 0.0229 12 0.780 9 65.5 12
6 0.0013 2.182 7 0.0166 8 0.833 2 46.5 4
7 0.0074 7.727 21 0.0192 10 0.774 11 55 6
8 0.0086 8.818 22 0.0796 23 0.571 24 100.5 23
9 0.0089 9.091 24 0.0146 7 0.792 7 96 21
10 -0.0053 3.818 12 0.0112 2 0.810 6 57 7
11 0.001 1.909 6 0.0186 9 0.774 10 79.5 16
12 0.0066 7.000 19 0.0143 6 0.833 3 62 9
13 0.0036 4.273 14 0.0222 11 0.756 14 59.5 8
14 -0.0015 0.364 2 0.0235 13 0.750 15 69 13
15 -0.0023 1.001 4 0.0370 22 0.702 19 88.5 19
16 0.0068 7.182 20 0.0334 20 0.690 21 83.5 18
17 0.0061 6.545 18 0.0141 5 0.815 5 52 5
18 -0.0007 0.364 3 0.0316 18 0.750 15 94 20
19 0.0018 2.636 8 0.0123 3 0.821 4 30.5 2
20 0.0026 3.364 11 0.0246 14 0.762 12 73.5 15
21 -0.0011 0.000 1 0.0256 15 0.726 18 65 11
22 0.0001 1.001 5 0.0364 21 0.702 20 83 17
23 0.0023 3.091 9 0.0293 16 0.726 17 73 14
24 0.0025 3.273 10 0.0303 17 0.762 12 63.5 10
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Figure A5 GCMs ranking results for the Southern climatic region undB6RG:limate change scenario
Table A6 GCMs statistical assessment forSbethern climatic region under RCP8.5 scenario
Model ID Correlation Rank Mean Rank St Dev Rank SSE NRMSE Rank
RE RE
1 0.419 8 0.086 6 0.469 16 2448.93 1.379 5
2 0.429 6 0.126 11 0.010 1 1518.26 1.086 2
3 0.473 3 0.025 3 0.099 3 1203.47 0.967 1
4 0.459 4 0.588 24 0.414 10 3757.34 1.708 23
5 0.172 24 0.009 1 0.210 6 2566.48 1.412 8
6 0.441 5 0.131 12 0.511 19 2526.06 1.400 6
7 0.227 20 0.021 2 0.091 2 2124.27 1.284 4
8 0.339 10 0.189 18 0.766 22 3830.22 1.724 24
9 0.210 23 0.140 13 0.508 18 3402.12 1.625 20
10 0.254 14 0.182 17 0.545 20 3415.88 1.628 21
11 0.292 13 0.206 19 0.484 17 3125.55 1.558 16
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12 0.313 11 0.105 7 0.445 12 2784.88 1.470 9
13 0.222 21 0.107 9 0.413 8 3023.01 1.532 14
14 0.241 16 0.157 14 0.461 14 3163.12 1.567 17
15 0.313 11 0.105 7 0.445 12 2784.88 1.470 9
16 0.222 21 0.107 9 0.413 8 3023.01 1.532 14
17 0.241 16 0.157 14 0.461 14 3163.12 1.567 17
18 0.422 7 0.212 20 0.822 24 3697.71 1.694 22
19 0.521 1 0.263 22 0.650 21 2834.22 1.483 12
20 0.369 9 0.221 21 0.106 4 1657.49 1.134 3
21 0.232 19 0.433 23 0.140 5 2564.37 1411 7
22 0.499 2 0.182 16 0.817 23 3271.86 1.594 19
23 0.237 18 0.034 4 0.442 11 3004.64 1.527 13
24 0.241 15 0.074 5 0.372 7 2804.76 1.476 11
Model Kendal KS RE Rank BS (%) Rank S score Rank Total Final
ID Slope score Rank
1 0.0104 10.455 24 0.0696 23 0.583 23 70 10
2 0.0062 6.636 18 0.0209 16 0.762 17 455 3
3 0.0064 6.818 19 0.0103 4 0.857 2 22.5 1
4 0.0047 5.273 17 0.0397 22 0.625 22 91.5 22
5 0.0041 4.727 14 0.0119 0.821 52.5
6 0.0016 2.455 11 0.0136 0.827 55
7 0.0041 4.727 14 0.0050 1 0.881 1 36
8 0.0022 3.000 12 0.1044 24 0.518 24 104 24
9 0.0009 1.818 0.0166 11 0.786 13 89 21
10 -0.002 0.818 1 0.0188 15 0.792 10 85 20
11 0.0002 1.182 3 0.0075 3 0.845 6 71 11
12 0.0015 2.364 9 0.0121 6 0.851 4 48.5 5
13 0.0084 8.636 22 0.0177 12 0.774 14 76 16
14 0.0013 2.182 0.0151 9 0.792 10 74 13
15 0.0015 2.364 0.0121 6 0.851 4 48.5 5
16 0.0084 8.636 22 0.0177 12 0.774 14 76 16
17 0.0013 2.182 0.0151 9 0.792 10 74 13
18 0.0008 1.727 0.0312 20 0.720 19 95 23
19 0.0038 4.455 13 0.0336 21 0.702 21 83.5 19
20 0.0045 5.091 16 0.0071 2 0.857 2 47 4
21 -0.0028 1.545 0.0181 14 0.768 16 71 11
22 0.0001 1.091 2 0.0258 17 0.738 18 78.5 18
23 0.0075 7.818 20 0.0280 18 0.720 20 75 15
24 0.0081 8.364 21 0.0297 19 0.792 9 62.5 9
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Table A7 statistical summary for simulated freshwater lens volume under diffezarievetise scenario coupled with%ranked
climatic models under RCP2.6

Average Average freshwater | Average freshwater % %
freshwater lens volume w/ lens volume w/ | reduction | reduction
Island lens volume | conservative SLR aggressive SLR | conserv. | Aggres.
w/o SLR (Mm?) (Mm?)
(Mm?)
N. 0.218 0.172 0.146 20.96% | 33.01%
Holhudhoo
N. Velidhoo | 0.846 0.747 0.650 11.65% | 23.13%
GDh. 5.965 5.136 4.408 13.91% | 26.11%
Thinadhoo
L. Gan 51.927 47.081 - 9.33% -
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Table A8 statistical summary for simulated freshwater lens volume under diffezarievel rise scenario coupled v8tfiranked
climatic models under RCP2.6

Island Average Average freshwater | Average % %
freshwater lens volume w/ freshwater lens reductio | reductio
lens volume | conservative SLR | volume w/ n n
w/o SLR (Mm?) aggressive SLR conserv. | Aggres.
(Mm?3) (Mm?3)
N. Holhudhoo | 0.206 0.163 0.138 20.59% | 33.06%
N. Velidhoo 0.818 0.724 0.630 11.43% | 22.92%
GDh. 5.901 5.173 4.366 12.34% | 26.01%
Thinadhoo
L. Gan 51.570 46.614 - 9.61% -
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Figure A9 simulated freshwater volume in the four islands in the study area under diffsadavsl rise scenarios coupled with
the 29ranked climatic mdels under RCP4.5cenarioA. N. HolhudhooB. N. Velidhoo;C. GDh. ThinadhooD. L. Gan

Table A9 statistical summary for simulated freshwater lens volume under diffszarievel rise scenario coupled wiff ranked
climatic models under RCP4.5

Island Average Averagefreshwater | Average % %
freshwater lens volume w/ freshwater lens reductio | reductio
lens volume | conservative SLR | volume w/ n n Aggres.
w/o SLR (Mm?3) aggressive SLR conserv.

(Mm?3) (Mm?3)

N. Holhudhoo | 0.184 0.141 0.120 23.40% | 35.04%

N. Velidhoo 0.769 0.678 0.587 11.83% | 23.70%

GDh. 5.927 5.156 4.431 13.02% | 25.24%

Thinadhoo

L. Gan 54.977 49.209 - 10.49% | -
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the 39ranked climatic mdel under RCP4.5cenarioA. N. HolhudhooB. N. Velidhoo;C. GDh. Thinadhoob. L. Gan

Table ALO statistical summary for simulated freshwater lens volume underatiffeea level rise scenario coupled with 3

ranked climatic models under RCP4.

Island Average Average freshwater | Average % %
freshwater lens volume w/ freshwater lens reductio | reductio
lensvolume | conservative SLR volume w/ n n
w/o SLR (Mm?3) aggressive SLR conserv. | Aggres.
(Mm?) (Mm?3)
N. Holhudhoo | 0.282 0.224 0.191 20.64% | 32.36%
N. Velidhoo 0.833 0.737 0.640 11.54% | 23.11%
GDh. 5.317 4,598 3.896 13.52% | 26.72%
Thinadhoo
L. Gan 47.933 43.578 - 9.08% -
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Figure Al1simulated freshwater volume in the four islands in the study area unigeenlifsea level rise scenarios coupled with
the 29ranked climatic mdel under RCP6.8cenarioA. N. HolhudhooB. N. Velidhoo;C. GDh. ThinadhooD. L. Gan

Table Al1 statistical summary for simulated freshwater lens volume underatiffeea level rise scenario coupled with 2
ranked climatic models under RCP6.0

Island Average Average freshwater | Average % %
freshwater lens volume w/ freshwater lens reductio | reductio
lens volume | conservative SLR volume w/ n n
w/o SLR (Mm?3) aggressive SLR conserv. | Aggres.
(Mm?) (Mm?3)
N. Holhudhoo | 0.303 0.239 0.208 21.20% | 31.45%
N. Velidhoo 1.003 0.886 0.772 11.73% | 23.09%
GDh. 5.760 5.156 4.300 10.50% | 25.35%
Thinadhoo
L. Gan 49.190 44963 - 8.59% -
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Table AL2 statistical summary for simulated freshwater lens volume underatiffeea level rise scenario coupled with 3
ranked climatianodels under RCP6.0

Island Average Average freshwater | Average % %
freshwater lens volume w/ freshwater lens reductio | reductio
lens volume | conservative SLR volume w/ n n
w/o SLR (Mm?3) aggressive SLR conserv. | Aggres.
(Mm?) (Mm?3)
N. Holhudhoo | 0.196 0.154 0.129 21.52% | 34.18%
N. Velidhoo 0.798 0.704 0.611 11.73% | 23.41%
GDh. 4,986 4,278 3.714 14.21% | 25.52%
Thinadhoo
L. Gan 44.868 39.930 - 11.00% | -
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Table AL3 statistical summary for simulated freshwater lens volume underatiffeea level rise scenario couplethwa
ranked climatic models under RCP8.5

Island Average Average freshwater | Average % %
freshwater lens volume w/ freshwater lens reductio | reductio
lens volume | conservative SLR volume w/ n n
w/o SLR (Mm?3) aggressive SLR conserv. | Aggres.
(Mm?) (Mm?3)
N. Holhudhoo | 0.171 0.132 0.109 0.00% 17.93%
N. Velidhoo 0.694 0.608 0.522 12.44% | 24.75%
GDh. 6.000 5.094 5.094 15.09% | 15.09%
Thinadhoo
L. Gan 51.957 46.585 - 10.34% | -
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Table Al4 statisti@l summary for simulated freshwater lens volume under different seaifa/etenario coupled with3
ranked climatic models under RCP8.5

Island Average Average freshwater | Average % %
freshwater lens volume w/ freshwater lens reductio | reductio
lens volume | conservative SLR volume w/ n n
w/o SLR (Mm?3) aggressive SLR conserv. | Aggres.
(Mm?) (Mm?3)
N. Holhudhoo | 0.197 0.155 0.133 21.56% | 32.69%
N. Velidhoo 0.801 0.708 0.615 11.66% | 23.23%
GDh. 5.057 4.343 3.768 14.11% | 25.48%
Thinadhoo
L. Gan 45.169 40.666 - 9.97% -
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Figure A15 Exceedance probability distribution for monthly groundwater supply avarbigélolhudhoo Island undéerd
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Figure A17 Exceedance probability distribution for monthly groundwater supply avarbigéiolhudhoo Island undé&m
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