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ABSTRACT

WATER RESOURCES ON OUTERYING ISLANDS IN MICRONESIA

Pacific islands are longettled by mankind, dating back several hundreds to thousands of
years ago since discovery by islanders traveling by boat. Amongst slewisiare atoll islands,
which are small coral islands that lieselow elevation and are usually part of a ritkg-coral
reef formation. Past and present islanders collect water from rainwatemesits and
groundwater wells, with rainwater used primarily for drinking water andrgdwater used as a
supplement for wash water. Unfortunately, this region can experience severet dovegwvash
eventsduring strong tropical stormand typhoons, all of which threaten the freshwater supply
for these islands. Due to rising concerns over climate change, there is intstedying the
water security of these especially vulnerable land forms. This thesis egadluatreliability of
the water supplies on four atoll islands in Yap, Micronesia by modeling thelrgliabthe two
main sources. To first analyze rainwater catchment performance, Ifatikl isl@valuated using
data collected on the island in 2015 by a collaborative research fieldtehmwater balance
model. Second, the results are used to develop design curves as artpiMater catchment
design ad improvement. The fresh groundwater sous@somodeled foreach of the four

islands to test the effects of varying climate conditions on the shallowwkiesstiens.

Rainwater catchment systems Ifalik Islandare evaluated for their performanegng a
mass balance model that quantifies water storage throughRerfermance is quantified
primarily by reliability, whichis a term to represetite percentage of days a rainwater

catchment supplies sufficient water to the useesedon the data from the Ifalik field survey,



the average household rainwater catchment system on Ifalik uses a 16.5 squagetteetelr
roof with a 2,000 liter storage tank and serves seven individuals at 12 liters peipeaplayAs
a result of a rainwater catchmegstem sensitivity analysémsed on the average rainwater
catchmentonditionsthe most important factors in performance effective roof area size,
water demand, and gutter-downspout efficiefayther analyses using the mass balance model
foundthatthe performance of each individual catchment is sufficient to provide water to the
community during conditions similar tbe severe drought yeaf 1997-1998, as well as
projected rainfall conditions for the next 30 years. Therefore, analysessligigeIsland has
sufficient rainwater catchment performance tovyde water for the community. However, to
introduce a conservativaeasure for water security, it is recommendedtti@tatchmentrea

be extendedo thefull size of theroof area This woull therebyincreaseahe storage supplpr

the communityoy 25cubic meter®n the day of lowest supply under the 1997-1998 severe

drought conditions.

Design arvesdeveloped from the mass balance model are created to serve as a tool for
rainwater catchmerexpansion and design. This tool allows water users and managers to
determine the size of rainwater catchment components based on a selectedyrglabitit
80%, 90%, 95%, or 99%. Curves developed using the severe drought conditions provide the
most onservative design requirements. Further simplified design curves aredtmeatiggest
completenetworksof rainwater catchments for the three remaining islands examined in this

study: Eauripik Satawal, and FalalofJ(ithi Atoll).

A groundwatemodelirg approach is usdd simulate saltwater movement between the
thin, freshwater lens located under the surface of the islands and the surroundingrseawa

SEAWAT, a computer program that models three-dimensional vauigolsity groundwater



flow and saltitansportjs used to estimate thvelume and thickness of the freshwater lens for the
four islands in this study under steadyerage rainfathind projected future climate conditions
through year 2040. To calibrate the models, the geologic parameteeskalalop model are
calibrated according to data collected on Falalop during 1987-1988 and the catlilzrati
extended to the remaining islands. For the island of Falalop, the calibration fouad that
hydraulic conductivity of 175 m d&\yis appropriate for the upper-lying, Holocene aquifer.
Findings show that the groundwater lens for Eauripik Island is less than donetegrage

rainfall conditions at steagwverage rainfall conditions, and is therefore not a recommended
source for drinking watefheremaining islands have a significant, maximum freshwater lens
thickness under the steg@verage rainfabcenario 7.64 (Falalop), 5.6 (Ifalik), and 7.65

(Satawal).

Projectedprecipitation datgenerated through climate models developed by NASA are
used to analyzgroundwater lens anamics from 201£2040. For these scenarios, the islands
showa relatively stable lens shapader the lowevel climate change scenario, however the
high-level climate bange scenario appears to decrease the groundwatstdbility. Findings
show the groundwater lens may fluctuate over 2 meters in thiclbgs just 23 yearsand
decadal episodes of periodic increasing and decreasing lens size indicatilaorgclimate
forcing. Falalop, Ifalik, and Satawal did hdeplete the freshwater leasany point in time
during either simulation. Due to the strong groundwater responses seen froniniesdlig

climate scenario, incorporating such a GCM into a groundwater evaluatexoramended.

Results from this thesisan be used by coral island water manatgeexamine the

community water supply during droughts and future climate conditions. This #t&sigrovides



tools and approaches for improving rainwater catchment system perfornyadeatfying

influential parameters, design rainfall conditions, and reliability curves for expansion.
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1. ATOLL ISLAND WATER RESOURCES

1.1 Introduction

Atolls are perhaps one of the most dynamic geologic foomabon earth, subject to
powerful forces of the ocean and the coral life force beneath theer 400 atoll&xistin the
world (Bryan, 1953) and thegre catinually re-shaped, rotated, arsthiftedby the climatic and
oceanidisturbancegKensch, Ford, & McLean, 2015)n aoll is asmall, coral reef formation
thatis typically aring-like composite dreef islandghat surround a cgral lagoon (Davis, 1928)
(Vacher, 1997)Pacific atolls are remote, yet as remote as thethareslands have rich
vegetation characterized by dense coconut groves and swampy taro patcheh.tBerszaidy
surface lies a twgart geologic system composed of a nearet denseHolocene ge formation

above and an oldétleistoce@e age formation.

Rainfall is plentiful in the Pacific Basin due to the tropical climate, ranging frdm 3
meters annuall(Anthony, 1997)and seasonal fluctuations occur by way dfyaseason from
November to June followed by a wet season from July to NovemdsgrectivelyFrom the
hydrologic standpoint, surface storage and runoff are nblglighd therefore rainfall is either
lost to evapotranspiration, consumed by plant and animal life, or infiltrated insoittend
collected in a shallow layer of freshwatEt.Nifio Southern Oscillation (ENSO) events in the
tropical pacificintensify the dry season which may lead to severe droughts (White, Falkland, &
Scott, 1999), which negatively impacts the vegetation, animal life, and of course, human
inhabitants. Natural groundwater storage becomes a vital resource during slemayatuifer

storage is determined by the hydrogeology.



1.2 Whatisan atoll?

Atolls are lowlying, small, coral reef formations that frequently a composite foamati
of reef islandsn a ringshape around a lago¢Davis, 1928) (Vacher, 1997Atoll is a collective
term that typically refers to thidassic definition of atollsas well asand lowlying reef islands
without a significant lagoo(Richmond, Mieremet, & Reiss, 1997). Reef islands without a
significant lagoorare often included in the atoll definition, as well (Richmond, Mieremet, &
Reiss, 1997).Low’ isoriginated fromearly Europearxplorers travelindgpy tall ships use to
described the low elevation of these islands and the subsdowensibility (Vacher, 1997).
Researchers have aldistinguished between lolying and ‘elevated’ or ‘high’ atollby
identifying a maximum elevatigrsuchas4 or 7meters above mean sea level (MSL) or less
(Pernetta, 1992) (Richmond, Mieremet, & Reiss, 199if)all is a term defined by thénited
Nations Educational, Scientific and Cultural OrganizafldNESCO)for islands with an area of
2,000 knf or less, or with a width of 10 km or less (Vacher, 198ifally, pacific atolls are
remote, or outer-lying, with the nearest neighboring land form located sbuerieds of

kilometers away.

1.3 Hydrogeology

1.3.1 Geology

The geology of Pacific atoll islands is formed by two distinct layers. Thiayep is a
layer of Holocene sands with relatively low permeability and below this kassgPleistocene
reef deposit with high permeaibyl (Anthony, 1997) (White, Falkland, & Scott, 1999). The depth
of contact to the Pleistocene deposit is typically P5-meters deefi-alkland, 1994) (Anthony,
1997) andBailey et alfound it varied from 15 to 20 meters for 5 selected atolls in ey,

Jenson, & Taborosi, 2013). In addition, Pacific atolls frequently have a repfatatnear the



suface of the atoll, layered between surficial sediments and the lower Holedingents. This
layer is a sempermeable reef rock that confines the upper Holocene aquifer and thickens the

freshwater lengBailey, Jenson, & Taborosi, 2013).

Coral atoll islands vary in sedimentary composition based on their location rétetinge
tradewinds. Windward islands are located upwind within the atoll and are thepgioszd to
the northeasterly winds and associated swells that occur during storms (Spemn2006). An
example of windward and leeward islandslfatik Atoll is shown inFigurel. Fine grained
sediments are found on the lagoon side and sedirheatsne coarser across the island to the
ocean shoré€Spennemann, 2006)his leads to an asymmetrical freshwater letis&tsis thickest

toward the lagoon side (Falkland, 1994) (Anthony, 1997).

Windward

” / Tradewinds

Ifalik Island
~Ella Island ; ;
Leeward ' A
1] 0.5  km
i

Figurel —Example of a windward and leeward islands on Ifalik Atoll, Yap, Miesia(GIS
data source: iREI)

1.3.2 Geologic properties

Hydraulic conductivity is one of the most importagtirageologic paranters to

consider for the Holocene aquifer and there is a broad range of values found erahardi



with most from 0.01 m da¥to over 100 m day(Hunt & Peterson, 198@Ayers & Vacher,

1986) (Falkland, 1994) (Anthony, 1997) (White, Falkland, & Scott, 1999) (Bailey, Jenson, &
Olsen, 2009). Mdraulic conductivityof the Holacene layer may also be truncatesed oratoll
position to 50 m/dafor leeward islandand 400 m/day for windward islands (Bailey, Jenson, &
Taborosi, 2013). Hydraulic conductivity in the Pleistocene formation is muchrttiggn the
Holocene aquifer, typically estimated to be one or two orders of magnitudergiiggical

estimates for hydraulic conductivity are between 1,000 rit dag 5,000 m day/(Falkland,

1994) (White, Falkland, & Scott, 1999) (Bailey, Jenson, & Olsen, 2010). Porosity is typically
estimated to be 20% — 30% for the Holocene sediments (Hunt & Peterson(Ha30n &

Anthony, 1987) (Falkland, 1994) (White, Falkland, & Scott, 198%) 30% for the Pleistocene
sedimentgSwartz, 1962fFalkand, 1994), though observed values have exceeded 50% in some
studies (Swartz, 1962%pecific yield, or the amount of extractable water from the pore space, is
estimated by similar studies to be 100% of the por¢Bajkland, 1994) (Holding & Allen,

2015) and specific storage is typically between 1 X #0* and 1 x 16 m™* (Batu, 1998)

(Holding & Allen, 2015).
1.3.3 Groundwater lens

The dual-layer geology results in a diefer aquifer systerfAyers & Vacher, 1986).
Groundwater lenses are thin, shallow collections of freshwater that aeifbtt the permeable
sedimentof the upperHolocene aquifer. The freshwater lens begins at the watentaita is
typically 0.250.5 meters above sea leg@lhite, Falkland, & Scott, 1999) or 12-meters below
ground surfacéWhite & Falkland, 2010), and extends to flggirative boundaryat which the
water becomes saline and undrinkalblg¢re2). This boundary occurs at a chloride

concentration of 0.89 g/kg, which the World Health Organization (WHO) determinedhe be



point at which water becomes undrinkaldlae lower Pleistocene aquifer is very permeable and
typically contains pure seawatavhich is characterized by a chloride concentration of 35 g/kg.
Between the freshwater lens and oceanic bounafgsyreseawater exists a broad interface
referred to as the transition zorkedure?2), characterized by a salinity concentration between
freshwater and pure saltwatenda thickness often larger than the freshwater (elusit &

Peterson, 1980) (Falkland, 1994).

RAINFALL

I T T

Monitoring-well site
with multiple wells

Ocean Water table P2 Lagoon
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Figure2 —Exaggerategdvertical scale cross section throughura, Majuro Atoll, Republic of
the Marshall Island&Presley, 2005)

1.3.4 Recharge

For purposes of hydrogeology, recharge is the term that refers to the portioermcthatt
passes through the canopy and underlying vegetation and infiltrates throughetiweatied soil
zone to the groundwater aquifer. Observed precipitation is often much greaterttizhn ac
recharge dutsses fromevapotranspiration and interception (White, 198&)rage in the
unsaturated soil zone and surface runoff, which are typically considerestimating recharge
in other geologic conditions, are commonly neglected in the case of atoll islands. 8tahage

unsaturated zone is typically neglected due to the conductive nature of the sul$aaedsoi



typically seen small depths to the watdsle(Hunt & Peterson, 1980). Runoff is commonly
neglected on atoll islands as it occurs only when soils are saturated duriggaieswr for the
rare condition of compacted soils (Arnow, 1955) (Hunt & Peterson, 1980) (Hamlin & Anthony,

1987) (Falkland, 1994) (White, Falkland, & Scott, 1999).

To estimate recharge, a water mass balance model isudeas the one shown in

Equation 1 (Falkland, 1994):

R=P- ET+ dV Equation 1
Where

R:recharge,

P. rainfall,

ET: actual evapotransgition (ET), vegetative and soill,
dV: change in storage within the soil zone.

As previously stated, storage in the unsaturated zone is typically neglecteobfderor
applications therefore thd/ term may be neglected. Also, as shown by this water b&alanc
model, interception by vegetation is frequetti;nped in with evapotranspiration thereby
making the ET term inclusive of interceptiand transpiratioby plants, and evaporation from
the soil surfaceTo solve forechargeET is often simplified to gercentage of the measured
precipitation(Lloyd, et al., 198Q)This recharge percentage is ofsggproximated to 50% of
precipitationas a result of several mass balance studiaducted through field survefidunt &

Peterson, 1980) (Hamlin & Anthony, 1987) (Anthony, 1997) (White, et al., 2007).

1.4 Ecology

1.4.1 Overview of plant life

Ecology of low, coral islands consists of three major vegetative zones: cleaceuit

grove, depressed swamp, and an area of wild vegetation consisting of severalcfiesgs

a thick understory of bushes and ferns. The latter area is sometimes refag®domdocks’ by



English speakerBates & Abbott, 1958). Trees are a vital resource to the islanders, providing
much needed shade in the tropical heat and various materials for sustenancet {Ceepare

native to coral alls in the PacifigDana, 1872) and they provide water to islanders from the
coconut fruit, as well as wood and leaves for various purposes (Merlin, ZBA5)50% of

mature coconut trees have t®that run deep enough to penetrate the water table that exists 1 to
2 meters below the ground surface (Falkland, 1994). This allows coconut trees todnahspi

the unsaturated zone becomes dry.

Other important trees thgtow on the outer-islands include breadfruit trees, pandanus
trees, fig trees, and papaya tr@essberg, 1969) (Merlin, 2015). Understory vegetation includes
wet taro that grows central, depressadmps, cultivated root plants grown near villages, and an
array of native vines and ferns that grow in the ‘boondocks’ (Bates & Abbott, (4BE)N,

2015). The prominence of certain types of vegetation depends on annual fdanrfaller Brug,
1986), and islands with lower rainfall commonly have lower prevalence of breadituir,

lower biodiversity, and less dense vegeta{Bates & Abbott, 1958).

1.4.2 Vegetative salt tolerance

Droughts and typhoon events inundate soils with saline water, which has aargnifi
impact on the vegetation. Crops have varying levels of sensitivity tepsag-and saltwater
inundation, with plants of high tolerance including coconut trees, pandanus trees, begsgna t
and swamp taro (Van der Brug, 1986), and low tolerance occurring in plants likeadry tar
(planted on dry land). Salinity causes a substantial reduction in tatogbiroty (Roy &

Connell, 1991). Consequently, regrowth following a period of loss is alsogeaaetident and
plants that experience high losses also have the faster growth rates. Foejmstataro, which

is particularlyvulnerable to drought, recovers within 18 months after return toward normal



climatic conditions, whereas the more robust wet ta@kes approximatel$-4 yeargVan der

Brug, 1986).

1.4.3 Vegetative losses

Besides precipitation, the most important component of the water balance forigieggrm
recharge to aquifers on small coral atoll islands is evapotranspiration (falk204) (White,
1996). As indicated in the groundigarecharge section, vegetative logbesugh
evapotranspiration on coral atoll islargtesent the largestnkin the mass balance model
accounting for 50% or morét is also me of the least characteriz@/hite, 1996)In reality,
vegetative respiratiors dependent on the soil conditions which fluctuate through time,
especially by seasoithe maximum and minimum soil moistucenditions for
evapotranspiratioareknown as thdield capacity or moisture content for mamum plant
growth, and wilting point, or moisture content for which plants will begin to wilt or die.
Typically for coral atoll soils near the surfadee fieldcapacity and wilting point are 0.15 and
0.05 respectivelyFalkland, 1994) For this region of coral atolls in the Pacificonthly
evapotranspiratiorates are relatively constant from y#¢atyear(Falkland, 1994)One source
estimated direct planbot uptake from the aquifena per tree basfer coconut trees and found
400-750 mm per year can be transpired from coconut trees with 8spateéngand 100% cover

(Falkland, 1994).

15 Rainwater catchment systems

Rainwater catchment systems have grown in poppylaver the past several decades
since the quality of water is better than the groundwater alternative andsthdocanaterials
have decreasd®@illaha & Zolan, 1985 Wallace & Bailey, 2015)The first instances of use

began in the 1970s or perhaps earlier (Detay, et al., 1989). An increase in popularityancurre



the early 1980asthe result of International Conference on Rainw@istern Systems held at

the University Hawaii in 1982 and the College of the Virgin Islands in 1984 (Dillahal&n,

1985), and an evaluation of rainwater catchment systems conducted in 1983 by thetioivers
Guam, Water and Energy Research InstifDietay, et al., 1989). These publications proved that
rainwater collection provided highguality water than the alternativesich popularized the
RWCSfor atoll island communitiesStudies have also found that RWCS are preferred due to the
shorter decontamination period relative to groundwater sources (Detay, et al. R&8@ater
catchments require a few hoursdays to clean out after a contamination event, wheraasal

flushing of contaminants from groundwateguiresmonths or years.

An effective rainwater catchment system (RWCS) collects and stores enoeghiovat
sufficiently meet the demand of the tsé\ standard roofto®WCS Eigure3) consists of a
four major components: a roof which intercepts ymigation, a gutteldownspout system that
capturegunoff from the roof, downpipes which collect the water from the gutters, andgast
tank or cistern that stores water for SAID - Washington, DC, US, 1982%everal things

must be considered to design, construct, and maintain a RWCS.

Tin or tile roof

Concrete or
cinderblock
cistern

washer (filter)

Figure3 —Rainwater catchmentith cistern(USAID - Washington, DC, US, 1982)



Stored water is dependent on roof atkareforethe effective roof area should be of
sufficient size and slope. Effective roof area is the ground area coverteel topf and ths can
be optimized by sloping the roof shallow enough to enlarge the area and steep ertough tha
rainfall runs off into the guttgtUSAID - Washington, DC, US, 1982)he best roof materials
for rainwater collection are alumimy corrugated sheet metal, and baked tile, therefore thatched

roofs commonly used on Pacific islands are typically retrofitted with anialun sheet overtop.

Maintenance of the RWCS is an important part of the overall performance. RWCS
require periodic leaning of the roof catchments, gutter-downspout system, and the inside of the
storage tanks (Dillaha & Zolan, 198%)nimal feces, dust, and other particulate matter collect on
the roofs and in the gutters which clogs the wathto the storage tank and reduces overall
performance. Screens are commonly added immediately upstream of tge siokato improve
water quality, and these need to be cleaned frequently to prevent build-up. Deindéthe
inside of storage tanks by chemical disinfectants is commonly recommended, hiswavesy

practiced by island residents in the Padiiddlaha & Zolan, 1985).

On a similar note, amportantmaintenance consideration for rainwater catchment
systems is the foul flush, or the first rusff from the roof catchment after a rain ev@dSAID -
Washington, DC, US, 1982). Diverting this water away helps keep high concentrations of
contaminants carried by leaf litter, bird gpangs, and other material from entering the storage
tank. A simple way to do this is by attaching a piece to the end of the gutter or dovnatgpeut
start of a rainfall event to divert water to the adjacent ground surface. Amatia¢hat requires
lesswork is to install a foul flush box. A foul flush box fills at the start of a rain periodand r

that follows the initial flush runs over the box into a channel and the storage tank. For island
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communities, this method may be a good option for larger catchments used for schools or

meeting houses.
1.6 Objectivesand methods

The primary objective of this thesis is to investigate the reliability of wapgliss for
four atoll islands ir¥ap, Micronesia and examine how the reliability changes during drought and
future precipitation patterns. The islands studied for this thesis include Eauapikp(E Atoll),
Falalop (Ulithi Atoll), Ifalik (Ifalik Atoll), and Satawal (a reef island). Thagidy also aims to
give water resource managers information and conemsve tools to improve management of
rainwater and groundwater resourdésllowing an overview of the study region (Yap State) in
Chapter 2 and a review of availallata collected for analyses in Chapteth&@ methods of

analysis are presented in Chapteend 5 and divided into the following components:

e Conduct a literature review of published and unpublished materials that aid iniegaluat
water supplies of Yap outer-islands.

e Review data collected by field survey on Ifalik Island for use in anadyzater
resources on Ifalik and the remaining islands of study. Data collected rsepéth
rainwater catchment infrastructure, groundwater wells, public and householgestora
capacity, and household water demand. The suasycarried out by a collaborative
field team from the International Research and Environmental Institute {iR&ijgust
2015.

e Quantify the performance of rainwater catchment systems on Ifatikghrdrought
analysis and extend the information to recommend a network of rairvaétement
systems for the remaining islands.

e Create reliability curves based on typical rainwater catchment system comgiaesrib

aid water managers in selecting larger components for better reliability

11



¢ Modelgroundwater lens dynamics fsteady avernge rainfallandfuture climate rainfall
conditions to quantify the availability of fresh groundwater and test the chdngéde

future rainfall patterns. This is performed for all four islands.

12



2. YAP STATE ATOLL ISLANDS

2.1 Geographic setting

This thesis widies outettying islands inYap State of the Federated States of Micronesia

(FSM), whicharelocated in the Carolinian archipelago of the western North Pacific Ocean

(Figure4). Thestateis formed by a group a$lands in westermost FSM, from longitude 137°E

to 148°E and from latitude 7°N to 10°Ndureb).
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Figure4 —Map of thePacific Island nations, including the Carolinian Archipel@dd.
Geological Survey, 1996)

Theislandsof Yap Statanclude Yap Island, the main island of Yap State formed by a

group of high volcanic islands; Fais, a high limestone island 250 km northeast of Yapdsiand;

14 outerlying atolls situategbrimarily between Yap and Chuuk Islands (Richmond, Mieremet,

& Reiss, 1997). The islands selected for study in Yap State include: Eaurgpié, |§lalalop
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Island (Ulithi Atoll), Ifalik Island, and Satawal Islan@his section includes information

pertinent to the four islands of study for modeling considerations.
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Figure5 —Map of the Federated States of Micronesia (FSM Government)

2.1.1 Eauripik Island

Eauripk (Auripik) Atoll (Figure®6) is a lowlying coral atoll located 108 km southwest of
Woleai atoll and ishe southernmost atoll in Yap StdBryan, 1953) 1t is also located
approximately 630 km from Yap Island and 775 km from Guam. It contains three islands wit
the largest, Eauripik Island, as the only inhabited (Scourse & Wilkins, 2009). teadma
Eauripik Atoll isvery small aD.2 knf, and it is approximately 11 km long e&stwes and 3 km
wide northto-south Eauripik Island igure7) is a windward, infinite strip island cime eastermn
most part of the atollThe longest dimension haa averagand maximum lengtbf
approximately 150 and 20@eters(Levin, 1976). The island haslow, swampy area in the

middle that is used to cultivate swamp téRoy & Connell, 1991)The freshwater lens on
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Eauripik is small due to the small widfevin, 1976), and the maximum elevation on Eauripik

is low, perhaps 6 meters (Levin, 1976) (Richmond, Mieremet, & Reiss, 1997).

Figure —Eauripik Island 201%imagery credit: iREi

2.1.2 Falalop Island (Ulithi Atoll)

Falalop (Fl'aal'ap) IslangFigure8) is a windwardsland in the northeast part of Ulithi
Atoll, approximately 195 km from Yap Island Airport and 665 km to Guam airport. Falalop is
locatedl.5 km southeast of Asor outside of the main ring of Ulithi islands. Falalop is a taangul

island withthe maximum width approximately equal to the length and general taper in width
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throughout the full length. The approximate dimensions for the island are about 1.2 km in length
and 1.1 km wideFalalopis alsothe main island of Ulithandthe siteof government activities,

themajor air strip, ananuchof the Ulithi population (Richmond, Mieremet, & Reiss, 1997).

i fd

Figure8 —Falalop Islan®2015(imagery credit: iRE)

2.1.3 lIfalik Island

Ifalik (Ifaluk) Atoll (Figure9) is a lowlying coral atoll located 1ocadl 745 kilometers
southeast of Yap Islands and 690 kilometers east of Chuuk Islands. Ifalik islaratoll
composed of two islets: Ifalik, the main island on which the Ifalik habitants sesidd Ella, a
small, uninhabited islet west of Ifalik. Apgpximately 650 meters of channel separate the islets
with the deepest section of atoll at the midéfik Island (Figure10) is a semicircular,
elongate island with maximum dimensions 2.45 km ntotbeuth and 1.9 km eagi-west. Ella
Island is 0.35 km norths-south and 0.7 km east-west. Ifalik has a maximum elevation of
approximately 5 meters, or 15 feet (Tracey, Abbott, & Arnow, 1961) (Richmond, Migr&me

Reiss,1997)
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Figure9 —Ifalik Atoll (NOAA, 2015)

Figure10 - Ifalik Island 2015 (imagery credit: iREi)

2.1.4 Satawal Island

SatawalSatuwa) Island(Figurell) is a reef island lodad in the easternmost part of

Yap State, approximately 530 km from Chuuk Island and 1,010 km from Yap Island. Satawal
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has no significant lagoon and thus is considered a reef iglamdsome literature a ‘table reef’
(Fosberg, 1969). The island is a semi-circular, elongate island with maximumstbme 1.35
km northto-south and 1.8 km eagi-west. The maximum elevation on Satawal is at [éast
meters and by some definitions would not be consideredyiog-(Richmond, Mieremet, &

Reiss, 1997).

Figurell — Satawal Island 20186magery credit: iREi)

2.2 Climate

Yap State lies in the tropical climate zone between the Tropic of Cancer and the.equato
Weather is generally wiar, humid, and rainy with regional variances occurring due to trade
winds. Climatic variables, including seasonal and annual precipitation, mekaveeand
occasional typhoon events, heavily influence the health and availability of cesaur the

outer-lying islands, and anticipated climate change would alter these coaditi
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2.2.1 Precipitation

Rainfall is the sole source trkshwater for remote, outdying atolls, therefore accurate
historical data for annual rainfall is important for future planning purpétstorical
precipitation data is available throutite National Ocean and Atmospheric Administration
(NOAA) for weather stations aeveral larger islands in Micronesia, including stations at the
Yap and Chuuk Weather Service Office Airports. These two stations provide theompdete
historical climatic data for Yap State dating as far back as 1951. Average clidiaés ifor the

nearest airports are shownTiablel.

Tablel —Averageannual precipitation and daily temperature for regional airport weather

stations

Annual Average daily | Maximum daily | Minimum daily

STATION Precipitation temperature temperature temperature
(m) ecy (°C) (°C)

YAP ISLAND WEATHER
SERVICE OFFIE AIRPORT 3.07 27.6 30.2 24.9
FM
CHUUK WEATHER
SERVICE OFFICE AIRPORT 3.42 28.2 30.9 25.4
FM

! Data from the National Oceanic and Atmospheric Administration

As shown inTablel, the amount of annual rainfall varies regionally and generally
decreases from south to north and east to Wesitance in ainfall occursspatiallywithin atolls
(Falkland, 1994) (Spennemann, 2006) and the variance can be up to 10% (Falkland,HE994).
climate is also humid withveérage humidity between 83 — 87% (Alkire, 1959) (Tracey, Abbott,
& Arnow, 1961)Yap atolls experience two seasondgraseason from November to Juared a
wet season frorduly to NovemberKigure12). Northeasterly trade windsrm conditions for
the dry seasoand the wet seasatcurs when the trade winds subside creatioge variable

wind patterns athe Intertr@ical Convergence Zone (ITCZArnow, 1955) (Anthony, 1997).
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Figure12 — Average daily rainfall for Yap Island (mm)

Droughts occur typically every Byears for coral atoll islandgVhite, et al., 2007) and
occur during the dry season in relation to El Nifio Southern Oscillation (ENSO) éénts,
Falkland, & Scott, 1999). Severe droughts occur in the months following the start afraseint
El Nifio event (Landers & Khosrowpanah, 2004) and severity can vary to extremes down to 5%
of typical monthly precipitation and 28% of normal seasonal precipitation, as waseabsar
Yap Island during the dry season in 1983 (Van der Brug, 1888{orical extreme precipitation

years for each airport weather station are showrabile2.

Table2 —Extreme annual precipitatiqm) at regional airport weather statiof@ine to May)

Precipitation (m), End yearENSO Event
STATION Maximum Minimum
YAP ISLAND WEATHER
SERVICE OFFICE AIRPORT|  4.03 (2004) 2.11 (1973- Strong El
Nifio)
FM
CHUUK WEATHER ,
SERVICE OFFICE AIRPORT|  4.59 (1956- Mild La 1.82 (1983- Very
FM Nifia) Strong EI Nifio)

T Data from the National Oceanic and Atmospheric Administration
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As Table 2 demonstrates, annual rainfall can drop to 2/3 the annual average during some
El Nifio yearsThe ENSO events are identified using the Oceanic Nifio Index (ONI) which is the
standard used by NOAA. According to ENSO years categorized by ONIrdhgest EI Nifio
event occurred from August to December of 1997 and impacted the tropical padifidingc
Yap outer-lying islands. The drought that followed in the early months of 1998 was suttlseque

one of the most severe.
2.2.2 Sealevel

ENSO events also alter sea level elevatiEiNifio episodes frequently correspondato
mean sedevel diop (Landers & Khosrowpanah, 2004), while conversely LaN¥ents lead to
higher sedevels due tdigher water temperatures and intensified easterly trade wiaidow
lying atolls, the higher tidesxhibited during La Ni&devents mayead to shoreline erosion and
episodes of over wash which can harm important resoaudsagroundvater, stored

rainwater,and aro (Hezel, 2009).
2.2.3 Typhoons

Storm eventsccur frequently in Yap State asiall passingtorms ominor weather
from large storms at a distan€Eracey, Abbott, & Arnow, 1961). Whiléhese events are not
regarded as dangerous by the islandefap (Levin, 1976),dlanders are concerneath
infrequently occurring typhoons. Typhoons historically devastate water respuegetation,
and human life by extremely strong winds and large waves. For instantarch 3f', 2015
Typhoon Maysalstruck Ulithiandwindsthat reached 60 miles per hour (258 km per hour)
leveled 60% of the structures and devastated the food siDa@ptyage to natural resources and
human life are commonly a result, as welbasalteration to the island geometimpacts have

reduced in severity in recent ysas a result of government aid responses.
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The precursor to a typhoon is a tropical cyclone, or rather a circulation of mgh wi
originating over tropical oceans, and typhoon status is reached when the maxinaunedust
minute winds reach 64 knots (74 mph). Typhoons typically begin as tropical cyclones over
eastern Micronesiand travel north to Guam, thereby missing Yap State (Tracey, Abbott, &
Arnow, 1961) (Landers & Khosrowpanah, 2004istorically in the Yap region, typhoons and
their impacts havbeen ofvarying degrees of severitsom small typhoons that over-wash and
damage groundwater resourg¢kesvin, 1976) to large typhoons that take human life. Perhaps the
strongest typhoon to hit central Yaphe Great Typhoon of 1907, as nam®@gdlocal islanders
(Tracey, Abbott, & Arnow, 1961). According to personal accofrots Ifalik islandersthe
typhoonleveledmosttrees,damaged mogtructuresand took the lives of 35 island€igacey,

Abbott, & Arnow, 1961)

Typhoons also alter the island geometry by sweeping sediments in and awayfrom
island, and thus mayenefit or harm the islandeisor examplethe Great Typhoon of 1907
swept in enough gravel and sediment to filearaw channel between two islanals the north
side of Ifalik Atoll, which thereby merged the islands into one (Tracey, Abbottn&wr1961).
Refer toFigure13 andFigure14 for a comparison prior to and after the typhoon. Siémee

typhoon destroyed paof eastern Eauripik Island.evin, 1976).

Response to typhoon impacts has evolved over time from a regime backed by
neighboring-island rescue and hospitality, to strategy backed by governthsappglies. For
instance, when a typhoon struck Eauripik in the late mid-1800s, a party caméd bpimoa
Woleai to rescue survivors and bring them to Woleai where they could await seobtesir
resourceglevin, 1976). Alternatively, a more recent typhoon that struck Eauripik in 1975 was

remediated, instead, by government surplus food. The islanders determined thegtoouttie
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supplies well enough to continue living on the island despite the damage that occurred to the

vegetation and the fresh water lens.
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Figure13—Handdrawn map of Ifik Atoll, 19" Century

Figure14 — Geometry of Ifalik Atoll, 1948
(Photograph by U.S. Navy) (Tracey, Abbott, & Arnow, 1961)
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2.3 Climate change

Climate change, natutglor anthropogenically accelerateadters the frequency,
duration, and intensity of extreme weather events andylimg-atolls are especially vulnerable
to the impacts. Yap State atolls are susceptible to climate change effects durerémtbteness,
limited resources, low topography, asakily erodiblesedimentsThe Intergovernmental Panel
on Climate ChangdPCC)predicts the fdbwing climate change impacts will occur for small
island states in theacific: more frequent ENSO evernitssrease in mean sea levahd

intensified typhoons (Barros, et al., 2012).

2.3.1 ENSOevents

IPCC noted they have a medium confidence that an observed increase in frequency of
ENSO events has occurred since 1950 in the equatorial Pacific (Barros, et al., 2Qt8). Fut
increases in intensity and frequency of ENSO events will increase theasmmiand severity of

droughts for the outdying atolls which inhibits access to freshwater.

2.3.2 Acceleratd =alevel rise

Sealevel rise (SLR) is occurring on a global scale at roughly 1.7 mmsagdoan tide
gauge observations, and roughly 3.8-mm/yr based on satellite altimetry data. This is referred
to as the global mean sea level (GM$gnsch, Ford, & McLean, 2013 acific island nations
have observed an increase in mean sea level and it is very likely to continue in tiunear f
(Barros, et al., 2012).The impaatf SLR include saltwater inundation of the surface, saltwater
intrusion into the aquifers, erosion of shoreline, and a landward shift of the saltwerterce
(Barros, et al., 2012) (Holding & Allen, 2015). However, atolls have shown dynaspionges

and some may be more resilient to SLR than others (Kensch, Ford, & McLean,lA015)
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addition, effects would vary from depending on isléyahtion within the atoll and the geologic

characteristics
2.3.3 Intensified yphoons

In addition, the IPCC notes that it is likely that wind speeds of tropical cyclalies w
intensify in the future, however, frequency will likely remain stable oredeser (Barros, et al.,
2012). Intensified typhoonsay result itmore devastating effects on the natural resources and
loss of human life. The landform shape, location, and size would also be more dramatically

altered by intensified typhoons.
2.4 Demographics

As of the 2010 census, the population in Yap State was 11,377 residents and most
residents reside in Yap Proper while 4,006 residents live in the outer-igkgidsNational

Government, 2010Refer toTable3 for population of the outer-lying atolls from 1920 to the

present.
Table3 —Historical Population for Yap State and Selected Atolls
Population®
Year Yap g‘gﬁ(‘;; Ulithi Eauripik Ifalik Satawal
1920 8,338 2,960 450 - - 292
1925 7,366 2,711 508 103 295 250
1930 6,486 2,465 448 110 305 253
1935 6,006 2,312 408 102 252 264
1958 5,540 2,299 460 141 301 285
1973 7,870 2,731 710 127 314 354
1980 8,100 2,908 710 121 389 386
1987 10,139 3,488 852 101 477 466
1994 11,178 4,259 1,016 118 653 560
2000 11,241 3,850 773 113 561 531
2010 11,377 4,006 847 114 578 501

'Population data from FSM 2000 and 2010 Census
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As shown byTable3, population fluctuations are most significant in Ulithi which also
has the greatest number of inhabitants, and populations remain most stable on Eauripik which
has the lowest number of inhabitants. From 2000 to 2010, Ulithi had the highest annual growth
rate at 1%. Satawal was the only atoll that decreased in population size, with dn annua

population growth rate of -0.6%.
25 Water consumption

In generaljow-lying, Yapisland communitiesise water collected lnain catchments as
their mostsignificant sourcéor drinkingwater(Dillaha & Zolan, 1985) (Detay, et al., 1989).
Yap islands, in particular, have shown more careful water practices than othendgian
islands, perhaps due to more limited rainfall and unavailability of other potablesoatees.
For instance, one study found that Yap communities cleaned tanks more frequently than other
Micronesian islands and utilized a high percentage of the roof area, at appebxir@&b on
averag€gDillaha & Zolan, 1985). Interestingly, fecal and total coliforms are fretjy@resent in
RWCS watelDetay, et al., 1989), including one instance on Yap islands in 1985, with measured
58% of 36 samlps present with fecal coliform bacteaad 78% of 37 samples present with total
coliform bacterigDillaha & Zolan, 1985). Although this study found thaashRWCS still met
the early World Health Organization (WHO) standards for coliform bactedst would not

meet the current standard of detectability in all samples.

Since nost othemwaterpurposes, including washwater, pose a lower risk of health
concerns by water contamination, other sources such as groundwater or sa&a@need to
conserve the RWCS watdsroundwater is also occasionally used to supplement drinking water
supplies during droughts or shortages and it is common for island residédmtl the water first

(Anthony, 1997). Coconut water is also frequently used for drinking purposes depending on the
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available supply for the particular communifdditionally, residents can ration at great lengths
when necessary. For instance, a USGS study in Ulithi during the 1983-1984 drought found that
water consumption dropped to 1.89 liters of water per capita per day on Asor andi Fassara

islands (Van der Brug, 1986).
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3. DATA COLLECTION

This section covers two collections of data that are integral to the rainwater catchmen
system and groundwater modelpgrtions of this thesis. The first section summarizes the
objectives and results fronmfield surveyconducted by a collaborative research tearifadik
Island in August 2015. The second section covers the development of and rational behind

selection of the rainfall scenarios used in the following analyses.

3.1 Field survey on Ifalik

3.1.1 Overview

As part of this research, a field team conducteddadiggic field assessment on Ifalik
Atoll in Yap, Micronesia from August 15, 2015 to August 22, 2015. The team consisted of seven
scientists working on behalf of Island Research & Education Initiativa)(iiiSed out of

Pohnpei, FSM. The objectives of the fieldwork included:

e Conduct a detailed inventory of the rainwater catchment infrastructure, mgludi
dimensions of effective roof area, storage tank capacity, guttered roof area, and
gualitative assessment of guttiywnspout conditionRigure15).

e Survey goundwatetby measuringvell water levels and salinity.

e Locatethrough GPS and document by photogrgptundwater wells and rainwater
catchment systems.

e Examine water quality from both sources by measuring temperatureincHead,and
E. coli.

e Interview households to collect information regarding the main sources of water,
purposes of water from those sources, demand, quality, scarcity, and health concerns.

e Perform a survey of vegetation, particularly typical density of coconut trees.
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e A more detailed account of the hydrologic assessment may be found in thealkechnic
report published by Water and Environmental Research Institute (Kottermaarosa
& Jenson, 2016).

A brief survey was also conducted on Eauripik Island on the return trip, however due to
time constraints, the survey was limited to a photo inventory of the RWCS stankgeahd

brief interviews.

Figurel5 — Photograph of a rainwater catchment storagk ¢ Ifalik (Photo credit: iREi,
2015)

3.1.2 Rainwater catchment inventory

The field team inventoried over 100 rainwater catchment systems on Ifalik (Appendi
most of which were household catchments and the remaining were schools, churches,
dispensaries, @men or women’s meeting hous&s. get the effective roof aremd storage
tank size for unlabeled tanks laser distance meter (Tuirel T100) was used to measure the

dimensions of the catchme@atchments were briefly observed on Eauripik and there are at
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least 30 household RWCS and 2 community syst@hservations from the RWCS assessment

include:

3.1.3

Several catchmentsda guttered roof area smaller than the full area of the roof.
Concrete cisterns used to store water collected from large, communttyistsuwere in
general disrepaiand residents expressed a preference for the 2,000 liter high-density
polyethylene (HDPE) tank${gurel5). These were the most common tanks inventoried
on both Ifalik and Eauripik.

Many catchmets were integrated into small cooking or storage huts due to easier
implementation over existing thatched roof households.

Larger catchment systems may have multiple storage tanks.

Eauripik has a noticeably higher bird population which results in caitmaintenance

for the roof catchments.
Groundwater survey

The field team inventoried over 60 groundwater wells on Ifalik. Tongeer table levels

alaser distance metéfuirel T100) is used in conjunction with a tripod to measuaier table

elevatons.Two-level loggers (HOBO U20 Titanium Water Level Loggers) were installed to

measure tidal data, one open to the atmosphere and one installed a few metéues $twretine

on the lagoon sidé&Vells were briefly observed on Eauripik and there are at least 8 wells.

Observations from the well assessment include:

A survey benchmark madie limestoneduring a USGS study in 1953 (Tracey, Abbott, &
Arnow, 1961) not found during the field assessment. In addition, wells described in the
earlier study were filled in and used to grow taro.

Thirteen wells were surveyed faater level, depth to bottom, diameter, materials, and
uses. Due to complications that arose during the field work, the accuracy wasirtkder

to be uncertain and therefore was not used in further analysis of this thesis.
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e Observations indicated low tide occurred earlier on the ocean side than on the lagoon
side. Inaddition, the team recommended installing tidal gages on both the lagoon and
ocean side to improve nass.

3.1.4 Surveyed locations

Locations of the rainwater catchment storage tanks and groundwater well$hotere s
using a Trimble Juno 5 GPS unit which documented latitude and longitude. Elevation data was
determined to be unreliable. In addition, over 1,000 photographs were taken using an Olympus

TG2 camera of the water structures, vegetation, island resident§;igtce (6).

Figurel6— Photograph 0 a young, Ifalikian woman collecting water from a stdeageon
Ifalik (Photo credit: iREi, 2015)

3.1.5 Water qiality

Important water quality parameters were measured, including E.coli, pHinengH
was measured qualitative using pH paper, E.coli was tested for on Ifalik anpilEasing a

presence/absenaest kit, and zinc was tested through site laboratory analysie see leaching
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occurred from coatings on the metal panels. For the water quality assesswerd!

observations and findings were made, and include:

e pH: Values fotwentywells and catchments rangbkdtween 6 and 7 on the pH scale.

e E.coli: All samples from 1@vell sitesand 6 storage tanks testeua Ifalik were positive,
except for 1 of the storage tanks, and ab#ples fronstorage tanks on Eauripikere
positive.

e Zinc: Samples takefrom 3 communityRWCS wereall well below the recommended
limit of 100 milligrams per liter

3.1.6 Householdmterviews

Household interviews with the residents of Ifalik and Eauripik lent informatiomdiega
sources, demand, quality, scarcity, and health concerns and the following conclesm®nsagde
from the surveys:

o [falik residents use water from the rainwater catchments for drinkatgryurposes and

to cook higher quality foods, such as rice. Also, coconuts are a supplement to the

rainwater and eachepson consumes an average of 3 per day. Groundwater is used for

other purposes, such as laundry and washing dishes.
e Eauripik residents rainwater only for drinking purposes and do not drink coconut water.

Groundwater and seawater are used for other purposes.

e Water demand on Ifalik and Eauripstypicallyaround 3 gallon§l1.5 liters) of water
per person per day, depending on showers and food preparation.
3.1.7 Vegetation survey

To survey the vegetation, seven 10 x 30 meter plots were identified in dispatsief par

the island, on both the windward and leeward side. Species were recorded for the lomrremma

layerdesignated as 2 meters or beldae understory which contained trees betweéf Peters

in height, and the overstory that exists above. The following observations were found:
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e An average of 6.57 coconut trees were identified for the plots, which is equivalent to a
density of approximately 89 trees per acre.

e Breadfruit was present in most plots. Banana, papaya, and pandanus treesowere als
present irseveral.

e Wild taro was consistently identified at the inland locations.

3.2 Rainfall conditions

3.2.1 Average conditions

Average rainfall conditions are simulated usitagmaldaily rainfall datafrom Yap
Island Weather Service Office Airport station averaged thesactive period from July*11951
to July ', 2015 Figure12). Due to little information for rainfall in Eauripik, Ifalik, and Satawal,
the weather station for the main island in Yap State is assumed to be valid foirthstatd.
Intermittent data is available for Ulithi, however it is much less complete and dueximipy to

Yap Island, Falalop rainfall should be similar.

3.2.2 Drought conditions

According to ENSO years categorized by the Oceanic Nifio Index, the str&hfjgso
event occurred from August to December of 1997 and impacted the tropical padifidingc
Yap outer-lying islands. The drought that followed in the early months of 1998 was suttlseque
one of the most severBue to the recent nature and seweoit this drought, the meteorological
period from August 3, 1997 to July 3%, 1998 is selected to simulate drought conditions for

rainwater and groundwater evaluations.
3.2.3 Future dimateconditions

GeneralCirculation Models (GCMs) are used to examinegthects offuture rainfall

conditions on the rainwater and groundwater storage sujgpleeto climate changesCMs are
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numerical models created to represent physical earth processes under clinggerchared by
greenhouse gas (GHG) concentratigkcording to the IPCC, the GCMs provide a credible,
overall simulation of future climate conditions at large spatial and temporas sicalenstance at
the subeontinental spatial scales and decadal s¢&lexkins, et al., 2007) (Barros, et al., 2012).
Since data from GCMs aprovided in monthly rainfall amounts, they must be downscaled to
daily values tanodel performance ahinwater catchmw systemsandsimulategroundwater

dynamics(Wallace, Bailey, & Arabi, 2015).

At least62 GCMs patrticipate in the Coupled Model Intercomparison Project 5 (CMIP5)
andthemodels that best represent historical rainfall erbgion of western Micronesall be
used to simulate future precipitatidfor each GCM, there are four variations based
representativeoncentration pathways (RCPs): RCP2.6, RCP 4.5, RCP 6.0, and RGBS
are the fouradiativeforcing scenarisselected by th&#?CC, of which RCP 2.6 is the lower
concentration projection and RCP 8.5 is the highest. For purposes of this thesis, fuiate cli
models will consider the range of models and will therefore evaiateest fit model &RCP
2.6 andhe best fit model &CP 8.5. Qualitatively, RCP 2.6 assumes that anthropogenic
greenhouse gas (GHG) emissions peak in the 2020-decade and decrease in annual
emissions in years following. Conversely, RCP 8.5 assumes that emissions ciantiseiéor

the next several decades.

A previous study by Wallace et alvaluatedhe participatingGCMsto find the best
models for Western and Eastern regions of Micronesia at each RCP variatictudye
evaluated thenodels by downscaling the monthly data arstig the precipitation data against
historical records for each regi¢wallace, Bailey, & Arabi, 2015 he study utilized a muki

score, statistical method that implemented the Skill Scqggd@nd the Brier Score (B$o
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evaluate replication of historical precipitation déa, et al., 2013). Thes&riS a statistic that
measures the area between the probability density function (PDF) curtieshigtorical and
GCM rainfall datgWallace, Bailey, & Arabi, 2015)This is calculated as the cumulative,
minimum value of the distributions of each bin value for a PDF generated by aespearhber
of bin values. Mathematically, theSe is represented bquation 2 where n is the number of
bins for the PDF, £is the frequency of values in a bin from the model agg Ihe frequency of

values in a bin from the observed data (Perkins, et al., 2007).

S = D MiNimum(z, , Z, ) Equation 2
1

An SscoreValue close to 1 indicates the PDF for historical data and modeled data overlap
well and the GCM is an excellent model, whereasaevalue near 0 is a poor model. Typically
when using this metric, a floor value is selected at roughly 0.7 or 0.8 to indicate Hin®kthief
acceptable models, with values above the threshold vahsdered acceptable for further

evaluation(Perkins, et al., 2007) (Wallace, Bailey, & Arabi, 2015).

The second metric is the Brier Score which is a mean squared error for metric for
probability forecasts (Brier, 1950) (Fu, et al., 2013). Equation 3 shows the calculation for the
Brier Score, where Ris the modeledth probability value of a given bin, and; 8 the observed
ith probability value for that given bin (Wallace & Bailey, 20I)r this metric, a value of zero

is perfectly projected climate model and a value of 2 is a poor climate model.

18 .
BSZEZ( P — P)’ Equation 3
1
For the Western region, which includes Yap State, madalsrrelation to historical

precipitation recordw/ere created by the National Aeronautics and Space Administration
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(NASA) Goddard Institute for Space Studies (GISS), a laboratory in the Eaetic8s Division
(ESD) of NASA.Specifically, the study found that for thediative forcing scenarias RCP 2.6
and RCP 8.5 in the region of Western Micronetia,best correlated general climate models
were GISSE2-H and GISSE2-H-p2 (Wallace, Bailey, & Arabi, 2015%tatisticalmetrics for the
GISSE2-H model under RCP 2.6 were a BS of 0.0029 andsgnr & 0.833 andtatistical
metrics for the GIS&2-H-p2 model under RCP 8.5 were a BS of 0.0024 and@prd 0.839.
Corresponding, downscaled daily precipitation data from these models are usaldateehe
effects to performance of rainwater catchment systems and groundwatgmansas under

future climate conditions.
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4. RAINWATER COLLECTION AND STORAGE

41 Overview of methods

For communities in Yap State that rely on rainwater catchments for drinkitey,the
supply must meet the demand, otherwise the deficit must be supplemented by boiled
groundwater or an emergency supply oftked water. A simple mass balance model is an
excellent way to evaluate the reliability of a rainwater catchment systamnthe remainder of
this thesis, the term ‘reliability’ refers to tpercentage of days during a simulation that the daily
demands met by thestorage tankLiaw & Chiang, 2014) (Wallace, Bailey, & Arabi, 2018)n
a day in which the supply from the storage tank is less than the demand, the stored volume
becomes the dailyubput and that day is counted against the overall reliability. In other words,
maximum reliability for a simulationccurs when the demand is met every day and it is
equivalent to a value of 1.00 or 100Bosystem that provides insufficient water for the entire

period is unreliable and the reliability is 0.00 or 0%.

The mass balands a conceptual model that assumes the RWCS is a closed system with
a single input, a single output, storage, and lossasfdl depthis the sole input of water, and
this is typically taken from the nearest airport weather stafiba.output isvater demandavhich
depends on the number of users and the per capita demand of the users. Design constants
included in the model aspecific to the RWC&nd include roof area (the guttered portion) and
storage tank size. Finally, to consider losses frongtiteerdownspout systepan efficiency
factormust be approximated based on the condition, which considers age, presence of cracks,

and sufficiency in length and width to convey the entire volume collected from theTitmsf.
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factor establishes a more realistic estimate optiréon of rainwater volume delivered from the

roof to the storagwank

Weather stations in Yap State collect precipitation data on a daily basisptedref
conceptual modes used to estimatie supply and reliability on a daily basifievolume
stored at the end of the selected time step is calculatédqumtion 4. Note that dimension L

represents a length unit (e.g. metmyl dimension T represents a time unit (e.g. day).

V, =max{ minV,, + ARz ,§- Q.0 Equation 4

Where

V. : volume ofstoredrainwaterat the end of the ddi.?]

V1. volume ofstored rainwater at thend of the previous ddiz?]

A: effective rooftop catchment aréarea projected from bird’s eye view agnclosed by
gutters [L?]

R:: depth ofrainfall per time step [L/T]

e: efficiencyof the gutter-downspout system [-]

S: storage tank size fl.

Oy water demanger time stefL3/T]

The mass balance equation calculates the volume at the end of each day and satisfies tw
criteria: 1) storage in the tank cannot exceed the volume of the tank, imposed lyittenm
function, and 2) storage in the tank cannot be less than zero, aetiripothe maximum

function.

This section uses the field data collected by this study on Ifalik Island tondetethe
existing reliability of the-ainwater catchment systerasdevaluatehow improvements can be
made to increase watdro determine thexasting reliability of the RWCS and the effects due to
changes in design, a daily mastabae model is implemented with varying rainfall conditions
In addition, the mass balance model is implemented to develop design curves based on common

values for a RWCS (e.g. roof arstgrage tank size). Design curves are a tool developed to
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evaluate the relationships betweehability and size of the catchment for design and retrofitting

of RWCS

4.2 Rainwater catchment systemsof Ifalik

The mass balanaeodel proviles estimates of stored rainwater volsnend it is used to
evaluate the performance of the typical RWCS found on Ifalik, to examine thernod of
parameters through a sensitivity analysis, and to evaluate the commatatyswpply by
evaluating the @rformance of each household RWCS. The model is usestitoate daily stored
volumes for &RWCSthatexhibits average characteristics of a rainwater catchment system on
Ifalik. This hypothetical ‘base’ RWCS is then analyzed for sensitivity oprametes by
modeling scenarios that exhibit a single, small alteration to a parameter of the. RnaBSes
for sensitivity are evaluated for tla@erage rainfall conditions and severe drought conditions.
Then, reliability of the Ifalik catchment system netwislassessed on a community level using
severadrought and future rainfall conditions. The drought imposed uses rainfall data from a
severe drought that occurred during 1997-1999, and future climate conditions are rfavdeled
2010-2040 using downscaled, lgaiainfall data fortGCM GISSE2-H for the RCP2.6 forcing

scenario and GIS&2-H-p2 for the RCP8.5 forcing scenario.

4.2.1 Evaluation ofifalik RWCSparameters

There are over one hundred operational rainwater catchment systemskdsl#adl, as
identified through field work conducted in mid-August 2015. Data collected for RWCS
evaluation are included in Appendix A of this thesis. The measurable and qualitative
characteristics for each RWCS were recorded, including guttered roopateatial guttered
roof aea, storage tank volume, gutter-downspout condition, and the number of residents (water

users) within each compound. This information becomes included in the mass balance model
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(Equation 4 as RWCSspecific constants and parameters, namely: effeativieareaA (actual
or potential), ®rage tank capacity system efficiency, and aily output (or demandp. Since
measurements in the field were done with measuring tapes, the guttere@appbéential roof
area, and storage tank capacity is considered accurate enough and usedmdilecthyaiss

balance model. TabKeprovides summary statistics for the Ifalik rainwater catchment systems.

Table4 —Statistics for rainwater catchment systems on Ifalik Island

Effectiveroof area A (m?) Storage tank volume

Statistic Actual Potential- Case 1 ‘ Potential Case 2 S(L)
Average

Mean 16.5 25.6 20.1 5,870

Median 10.0 12.2 7.8 1,880

Mode 6.0 6.0 2.3 2,000
Range

Maximum 253.7 546.7 546.7 337,720

Minimum 1.56 1.56 0.88 11

& Case 1 assumes gutters on éxgstatchments are expanded to full potential area

b Case 2 assumes gutters on existing catchments are expanded to fullipessnd full -area catchments are added to roofs of all
remaining structures

The field work conducted in Ifalik determined that several RWCS had a guttered roof
area, or effective roof aressnaller than the total roofeai(Kottermair, Taborosi, & Jenson,
2016).Figure17 shows the measured effectinaof area for all rainwat catchment systems on

Ifalik, as well as the potentiaffectiveroof area

System efficiencyg, is estimated from the qualitative assessment of the gutter
downspout system made by the field team and therefore has the desa&iest uncertainty. A
scale was developed to obtain a numeric value for the efficiency based on the ialitati
assessment, which ranged from ‘Very Poor’ condition to “Very Good’ condition. Simeelg
constructed RWCS typically has an efficiency & (br 80%)(USAID - Washington, DC, US,

1982), this was used for the ‘Very Good’ condition while lower assessments waresgiader
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values, as shown ihable5. At least 90 of the cahments surveyed received a rating of ‘Good’

condition.

10 10
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.
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Figure17 — Effective roof area of rainwater catchment systems on Ifalik Island, actlial an
potential

Table5 —Rainwater catchment system effiocy scale

Condition of gutteldownspout
system Designated efficiency, € (-)
Very good 0.8
Good or average 0.7
Fair 0.55
Poor 0.4
Very poor 0.2

The demandr output,O, was determined by estimating the number of users and the
daily per capita demando determine the number of usess each RWCSthe residents irach
compoundvere allocate@s users to a single RWCS based on the storage tank sizes in the
compound. For example, the model would assume that a compound with ten people and two
RWCS, one with a 2,000 liter tank and the other with@I&B8r tank, has eight re®dts using
the former RWCS and twiesidents using the lattdn general, typical number of users for each
catchment ranged from 3 to 12 users, with a mean average of 7 users per catcshuarit e

noted that although estating the number of users is important for modeling the reliability of the
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rainwater catchment systems, the residents of Ifalik readily share wditesngitanother on a

daily basis, which extends the reliability of the entire island supply.

Thedaily pe capita demandas estimated using resultem Question 13 of the
household interviewsyhich asked*If it stopped raining from now on, how long would your full
supply last?”"The answers ranged fromaZeks to 1 month to deplete a full water tank whin t
majority ofanswers indicating 2 weeks. Using this informatioti the number of residents in
the interviewees’ compound and corresponding tank,dizesaverage per capita demand rate is
estimated to be approximately 12 L/day, with minimum and maxioi8L/day and 16 L/day.
Based on the average number of water users per catchment and average waterefemand p
person, the typical daily demand from a RWCS is 84 [*dBy comparison, the U.S. national
average demand is 81 gallons per capita per day, or 307 liters per capita per dawg,(®alpi

2014).

One final condition that is important to consider for this mass balance model is the initial
condition. The stored volume,, for the first time step represents this initial condition and it
has a strong influence on the results. For evaluations in this analysis, isinsweatre started
several months prior to the time period of inteegst time when there was high raintalllimit

the impact of this condition.

To begin simulating the reliability of thgypical rainwater catchment system on Ifalé
base scenaris created using the average values for the model inphits scenario is for a
rainwater catchment system that has a demand from seven users at p2riperson per day,
has a 16.5 firoof area, a 2,000 liter tank capacity, a gutter-downspout system efficiency of
70%, and an initial volume at 50% the tank capacity. Then, modificatieresmwade to the base

scenario in twelve additional scenarios to obsehe impact to reliability. Each scenario
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includes either an increase or decrease to a RWCS variablhandpossible, the modification
corresponds to a meaningful number for that variable. For instance, the effisienijusted in
Scenario 6 to 40% to simulate a decline from ‘good’ to ‘poor’ gutter-downspout conditlons.
first set of six scenarios was uses decreased input values, and the secondrsaeasesl i

values(Table6).

Table6 —Scenam parameters for performance evaluation of typical RWCS on Ifalik Island

Variable
Gutter
Demand per| Effective downspout Initial
Number of | water user roof area | Storage tank efficiency | volume (%

Scenario | water users (L/day) (m2) size (L) (%) tank)
1 (Ba®) 7 12 16.5 2,000 70% 50%
2 3 12 16.5 2,000 70% 50%
3 7 8 16.5 2,000 70% 50%
4 7 12 10 2,000 70% 50%
5 7 12 16.5 1,000 70% 50%
6 7 12 16.5 2,000 40% 50%

7 7 12 16.5 2,000 70% 5%
8 12 12 16.5 2,000 70% 50%
9 7 16 16.5 2,000 70% 50%
10 7 12 25.6 2,000 70% 50%
11 7 12 16.5 3,000 70% 50%
12 7 12 16.5 2,000 80% 50%
13 7 12 16.5 2,000 70% 100%

For thissectionof the rainwater catchment system analysis, a second metric is included
in addition to reliability termedolumetric reliability (Liaw & Chiang, 2014)This metric is
added to show the actual water deficiency between the RWCS supply and tinel deguéred
by the users. The computation for volumetric reliability is shown in Equation 5.

r = V collected
Y/

demanded

Equation 5

Where
ry: volumetric reliability []
Veollected VOlume ofstoredrainwaterduring the simulation [f]
V gemanded VOlumMe of minwaterdemanded during the simulati(lns]
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In other words, the metric includes the portion of water consumed on days in which stered wat
was insufficient and counted against the reliabiMglumetric reliabilityis more significant for

averaged precipitation data, as shown in the following section.
4.2.1.1 Average rainfd conditions

Analyses of the mass balance model are performed to test the influence of paramete
under average rainfall conditions. Results are showmalte 7 andFigure18 andFigure19 for

thefirst and second set of scenarios.

Table7 —Results for typicaRWCSand parameter scenarios, average rainfall conditions

Reliability Volumetric

Scenario Parameter Variation (%) reliability (%)
1 (Base) - 7% 93%

2 Decrease to 3 water users 100% 100%

3 Decrease to 8 L/day demand per water 100% 100%

user
4 Decrease to 10 Teffective roof area size 39% 73%
5 Decrease to 1,000 L storage tank size 71% 92%
0,
6 Decrease to 40% guttdownspout 17% 69%

efficiency

. - —
7 Decrease to 5% tank size for initial 64% 920%
storage volume

8 Increase to 12 water users 21% 69%

9 Increase to 16 L/day demand per water 63% 84%
user

10 Increase to 25.6 _?Teffectlve roof area 100% 100%
size

11 Increase to 3,000 L storage tank size 82% 95%
0,

12 Increase to 80% gutt@ownspout 87% 97%

efficiency

. - —
13 Increase to 100% tank size for initial 85% 96%
storage volume
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Figure18 —Modeled storage volume for Scenarios 2 through 7, average rainfall conditions
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Figure 19 — Modeled storage volume for Scenarios 8 through 13, average rainfall cosdition
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As shown in the figures, the base scenario that is based on typical R\&@stehstics
has a relatively low reliability of 77% for the averagefall conditions. This is for several
reasons: 1) days with a stored water supply between zero liters and the daihddem
neglected, 2) the school rainwater catchment system is neglected frontstatistimary of
household RWCS due to the largees 3) community water practices, especially neighbor

neighbor water sharing, and 4) owemplification of the rainwater catchment system network.

With regard to the former reason, days in the base simulation with a stored supply
between zero and 84 liters are neglected as shown by the volumetricitgldl€iB%. There are
83 days irthis simulationwhich have astored watesupply between 50 and 84 liters, all of
which are not included in the original reliability term dedd to dow reliability score of 77%.
Therefore, the volumetric reliability metric is betseiited for use with averaged precipitation
data in which variance from dag-day issmall.In reality, the rainwater catchment systems are
more reliable under average rainfall conditidog toassistance from large community rainwater
catchments, in this case the school, community water practicesit@sgecific catchment

considerations.

Evident from the reliability estimatesthatrelativelysmall alterations to the rainwater
catchment design have a large impact wttesigning foraverage rainfall conditiongor
instance, an increase in the gutiervnspout efficiency from 70% to 80% results in a 10%
increase in overall reliability to 87%. Certain parameters are more influestiabtiiers for this
analysis, andhie results indicate that the most influential variableslailg demandroof area

and gutter-downspout system efficiency.
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4.2.1.2 Severe drought conditions

Analyses of the mass balance model are also performed to test the influence of
parameters under severe drought rainfall conditions. Results are shoale8 andFigures 20

and 21for the firstand secondetof simulations.

Table8 —Results for typical RWCS and parameter scenarios, severe drought rainfall

conditions
Reliability Volumetric

Scenario Parameter Variation (%) reliability (%)
1 (Base) - 64% 67%

2 Decrease to 3 water users 90% 91%

3 Decrease to 8 L/day demand per water 779 79%

user
4 Decrease to 10 Teffective roof area size 44% 51%
5 Decrease to 1,000 L storage tank size 59% 64%
0,
6 Decrease to 40% guttdiownspout 43% 49%

efficiency

. ) e
7 Decrease to 5% tank size for initial 64% 67%
storage volume

8 Increase to 12 water users 40% 49%

9 Increase to 16 L/day demand per water 53% 58%
user

10 Increase to 25.6 _?Teffectlve roof area 24% 779
size

11 Increase to 3,000 L storage tank size 68% 71%
0,

12 Increase to 80% guttelownspout 66% 20%

efficiency

S X -
13 Increase to 100% tank size for initial 64% 67%
storage volume
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Figure20 — Modeled storage volume for Scenarios 2 through 7, severe drought conditions
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For all simulated scenarios, a steep decrease in stored water begins irbblo{/8ay
which is followed by a period of severe drought that begins between Decemhes? and
February I, 1998 for most scenarios. The drought remains severe for most scenarios until June
and all experience at least 38 days of insufficient water supply during tlod.f8y comparison
to the results from the average rainfall conditions, the base scenasaddvesr overall reliability
under severe drought conditions by approximately 1&8ditionally, there is a smaller
difference between the metrics of reliability and volumetric reliability for tkiersedrought
conditions. This is because there are 131 days in this simulation which bared water
supply below the daily demand of 84 liters, and 102 of these days have a water supply below 10
liters. Due to similar results for actual annual precipitation data, it appearsthaelhability
based on percentage of time met and peacgnof supply met are appropriate for real,

continuous precipitation data.

Results also show that the saatierations to the rainwater catchment design have a
smallerimpact to the overall reliabilityFor instance, an increase in the guttewnspout
efficiency to 80% results in206 increase in overall reliabilityompared to the 10% increase
found using the average rainfall conditions. Also by comparison, the results fronethgea
rainfall conditions show more or less whether the RWCS design untleseanario is reliable
or unreliable overall. Thus, for instances of new construction in which bare miniesign
parameters must be met due to limited funds, materials or time, planning with retjgrd to

average rainfall conditions would be advantageou

Although none of the drought scenarios provided sufficient water during the drought,
some modifications improved reliability better than others, most notably the dailgruil

(number of users, demand per person), effective roof catchment area, andagutispout

49



efficiency. This confirms the same findings from the average rairfatlitons.Demand is the
greatest influence due to the magnitude of the changes for Scenario 2 ancoScesinach

showed a decrease in demand by 71.5% and an increase in demand by 71.5%. Results for
Scenario 2 and Scenario 8 were suchttiiate were 93 more days of sufficient water supply and

87 fewer days of sufficiently water supply, respectively under severe droughti@osdit

Interestingly, the influence of effectivainwater catchment areas shown bycenario 4
and 10, appears to impact the overall reliability much more than storage tank size,rabyshow
Scenario 5 and 11. Scenario 4 reduced the catchment size by approximately 40% antt the res
was an additional 74 days without sufficient water supply under severe drought conditions.
Scenario 5, which reduced the storage tank size by 50% resulted in only an additional 22 day
without sufficient water supply. Thus, if expansion of an existing RWCS is detieckest

measure to make is an increas¢éhim effectivecatchment area.

One additional parameter that leasignificant impact is guttetownspousystem
efficiency, shown by Scenarioahd Scenario 12ZI'he reduction to ‘poor’ conditions which
assume 60% of the roof ruff is lost from the guttedownspout systems, heavily influencke
reliability and add 78 days of insufficient water supply to the base scenario under severe
drought conditions. However,1®% increase in efficiency shown by 8aeo 12 ory slightly
improvesthe reliability by 7 daysdditional days with sufficient water. This suggéls#d it is
bestto fix highly damaged RWCS to a ‘good’ condition rather than make minor improvements

to aRWCSalready determined to be in ‘good’ condition.

Finally, for this simulation two variables appear to have a minor effect oeltability
of the base RWCS scenario: initial storage volume and storage tank sizeitidhstanage

volume had a minimal effect because the simulation began several roefttftesa decline in
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precipitation occurred, and because it was started during a period of weendat e
surprisingly, storage tank size had a minimal impact on the reliability, evideniraximum
change of 19 days as a result of a 50% change in the tank size. For a RWCS of thismature, a

investment in additional storage is likely a minimally effective modification.
4.2.2 Evaluation of Ifalik RWCS community water supply

The daily water storage was also estimated using the mass balance medehfof the
one hundred rainwater catchment systdfos.this, each catchment is simulated individual
with respect to the dimensions measured in the field survey, the qualitatisebses gutter-
downspout efficiency, and the number of people at the compdted. the performance of
each specific RWCS is evaluated using the mass balance model for thedsenght conditions

and future rainfall conditions.
4.2.2.1 Severe drought conditionsparameter assessment

The reliability of each RWCS is determined through the mass balance model amnd show
in Figure22. Asshown a small fraction of the RWGSn the island had suffent water during

the drought.
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Figure22 — Reliability of each RWC®n Ifalik for svere drought conditions
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To determine which system parameters should be modified to increase fatere w

storage, parameters were plotted against reliability for each RW@Q8€¢23). The primary

parametersf interest are analyzed, includitank size, roof area, gutter-downspout efficiency,

and number of residents.
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Figure23 —Plots of reliability forparameter values: tank size, roof area, efficiency, and

number of esidents

As seenn the figure, there is no identifiable trend between reliability and tank volume or

gutterdownspout efficiency, and there is a minor correlation between number of resittbnts a

reliability. Efficiency shows no identifiable trend due to the large pesgendf catchments that

have an estimated efficiency of 70Fnally, a strongdirect relationshigxistsbetween

effective roof area ahreliability; therefore increasing thedfectiveroof area is the most

effective measure to increase reliability. Tomnfirms th

previous section.
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4.2.2.2 Severe drought conditions — community water assessment

Although fewer simplifications are required for this method due to inclusion of actual
effective roof areastorage tank sizefficiency, and water users, a few variaba still affect
the volume of water captured and stored for a RWCS, including the fraction dillethkat the
beginning of thesimulationandthe dailyper capitademandTo test the influence of these
parameterdpur scenariosre runthat deviated from the base scenario of 50% initial volume and
12 liters per capita per day. The scenarios madalitial tank volume ranging fron80%to
70%,and adaily per capita demand raimg between 8iters per capita per degnd 16iters per
capita per dayFor simulation the total stored watdor the communitys estimated by adding
the volumes at each RWCResults are shown igure24 andthe base scenaris shown in
black As seen in thedure,there is a significant range e$timated stored volumesd this
represents the level of uncertainty due to uncertainty in the paranfdsershown by the figure
is thatthe stored volumes do not reach zero, which agrees with the household thateys

indicated theeommunity watehas not reached zero in the past.
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Figure24 —Ifalik community water supply under severe drought conditions, aciobbrea
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To further evaluate the effect of roof area on RWCS ndiligbadditional simulations i@
performedusing the potential roof area using the same scenarios froaettred roof area
analysis forsevere drought conditionseBultsfrom the potential effective roof area analysis are

shown inFigure25 and astatistical summargomparisorbetween the results shown inTable

9.
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Figure25 —Ifalik community water supply under severe drought conditions, pateotf area

Table9 —Summary statistics comparing actual and potential effective roof areanisg d

19971998 drought
Daily communitywater supplybase scenarifm®)
Effective roof area Average Maximum Minimum
Actual 123 231 48
Potential 158 246 74

Findings show that increasing the community rainwater catchments to the faliglote
roof area increases the community water supply during severe droughtamndior instance,
the supplymodeled for the base scenario decressasninimumof 48 cubic metersvhen using
catchments with existing guttezaches, and this increases tacidbdic meters when potential

area is used. In addition, the storage volume prior to Febréfahy®28 is declining at a much
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smaller rate in the potential roafea simulations compared to actual roof simulations. The
results suggest that using the full potential area of the roof is beneficiémdeng water supply

during severe droughts.

4.2.2.3 Future rainfall condition assessment

The water balance model also waplged to futureclimate conditionsising rainfall
output from General Circulation Models. As previously discus$edGICMs that best correlate
to historical rainfall data for Yap State are GIE&H for RCP 2.6 and GISE2-H-p2 for RCP
8.5(Wallace, Bailey, & Arabi, 20153nd since RCP 2.6 models the lowest atmospheric
concentrations of greenhouse gases and RCP 8.5 models the highest, the models together provide
a good range of climate scenarigsarying scenarios that cadsr fluctuations in dailyper capita
demandare included since it the strongest, influencing parameter that is not intrinsic to the
rainwater catchment system design and conditions, as shdwguire25. The two GCM models
consider the average daily demand of 12 liters per capitdgyeand the bounding ranges of 8
liters per capita per day and 16 liters per capita per daysiihdation isrun for the time period
2010-20400or each of thescenarios, since the stabilityatbll formations and their resources is
limited and longterm scenarios are minimally informati\Results from the simulations are
shown inFigure26 andFigure27 for theactualand potential effectiveoof areaand a summary

of statistics in shown imable10.

Table10 - Summary statistics comparing actual and potential effective roof area irsg dur
future climate conditions

Daily stored water suppl(m?®)
Effective roof area Average Maximum Minimum
RCP 2.6, Actual 76 186 52
RCP 2.6, Potential 140 187 80
RCP 8.5, Actual 78 203 52
RCP 8.5, Potential 143 222 96
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As seen in the figures, the total community water never depletes fully during-jleaB0
period, and using potential areas greatly increases the stored water gokmiene. Comparing
the results between future rainfall conditions and the severe drought conditionsarsdppe
the minimum obtainelly usingsevere drought conditioms lowerand thus, drought conditions

arerecommended for a conservative rainwater catchment designs.

4.3 Design curvesfor rainwater catchment system design

4.3.1 Overview of design curves

The water balance model Bfjuation 4 also can be used to develop combinations of roof
area and tank size that meet a certain level of reliability, with reliability defsadteportion of
time that the systemmeets the water demand based on rainfall pattérhe.result is a plot

referred tdhereas a design curyandFigure28 shows an example set.

High Reliability

Storage Capacity (L)

Moderate Refiability

Low Reliability

Catchment Area {rnz}
Figure28 — Example design curve foainwatercatchment gstems

The curves can be used to find the set of catchment area and storage tank\silte tha
meet a certain level of reliability. For example, the capacity of an availalége tank is

measured, and the curve can be used to determine which roof area is requirettthatndegree
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of reliability. In thisthesis, design curves are creatisthg the severe drouglatimfall dataand
the GCM rainéll data for the years 2010-204lhe design curves are created using the

following method:

1. Select a rate of reliabilitye(g.95%).

2. Select a roof catchment area.

3. Run the water balance modet theselected period of rainfall records and find the
storage tank size that will provide the desired rate of reliability.

4. Repeat Steps 2 and 3 until a sufficient number of eapacity pairs are assessed and
curve can be drawn through the data points.

4.3.2 Design curvesor severe drought conditions

The design curves using the 1997-188&fall data are shown lRigure29. A different
set of design curves is presented for differing number of residents using waterdfrRWCS.
These design curves can be used to determine required roof catchment aiggadortank
volume,or vice versafo achieve a certain level of reliability. Reliability rates of 80%, 90%,
95%, and 99% are presented. Notice that larger roof areas and tank volumes are required to
achieve a higher rate of reliability, and also that larger areas and voltenesjared for

households with a higher number of residents.
4.3.3 Design curves for future climate conditions

Designcurves also were created using aésealed rainfall data from the RCP 2.6 GISS-
E2-H GCM (Figure30) and the RCP 8.5 GIFS2H-p2 (Figure31). These curves are much
different than the curves created using the severe droagtttions, due to the fact that the

GCMs have difficulty simulating major drought periods.
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Figure29 — Design curves for the 1991@98severe droughtvaryingresidentperRWCS

The IPCC advocates the use of GCMs primarilyJdog-term and largescale
applications, since shorerm or local events are softened by their formulation. Results from the
GCM design curves and severe drought curves confirm the earlier findirgpttese drought
conditions provide a more conservative design. For example, the design curves for the 95%
reliability rate for a 9 resident user catchment is quite different frersekiere drought
conditions to the GCM conditions. For an existing catchment area of,%04m1 (4,000 L)
storage tankand a 3.8 fhtank arerequired under the RCP 2.6 GIE2-H and RCP 8.5 GISS-
E2-H-p2 future rainfall conditions. &sign curve using thesevere droughtonditions, however,
indicatethat for this same design goal, two times that volume is required by’ &a®ikn Thus,

isolated and severe drought events are better use for conservative plannimgsneas
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4.4  Proposed RWCS network for Eauripik, Falalop, and Satawal

Using the information found on Ifalik, a network of rainwater catchment sgageem
proposed for the three remaining islands of stlithe man objective of this analysis is to
determine how many rainwater catchments are required on each island formarebataility
and what corresponding effective roof areas are requites.evaluation assumes that there is

no existinginfrastructuresince no informations available for these islands.

To create the proposed network, the overall community RWCS is pared down to a single
RWCSwhich is selected for the network based on the reliabiliyo Teliability curvesare used
for selectionbased on two rainfall conditions, osienulatingaverage annual precipitation and
the other severe drought. For reliability in this analysis, effective reafiarthe dependent
variable since it is a highly influential variable and also provides beneficldidiowvater users.
Three scenarios are modeled both sets of conditiorts simulate water storage for the range of
typical water userper catchmendn Ifalik: 3 users, 7 users, and 12 users per catchint.
other parameters are held constant are theaggevalues found on Ifalik Island. For storage
volume, the capacity will be 2,000 liters, since the 2,000 liter HDPE storage tarspatar
among the island residents ahé materials are availalte them. Additional assumptions are
made on the basis of the Ifalik survey, including: a typical water deméakftilidérsper capita
perday, average guttedownspout conditions with 70% efficiency, and 50% initially fill&te

resulting reliability curves are shownfigure32 andrFigure33.

As shown in Figure 32vater reliability dramatically increases for the household water
supply at an effective roof area size of @ Most household roof areas are larger, and further,

the mean average catchment area on Ifalik was®\6hith corresponds to a roughly 80%
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reliability in water supply for average rainfall conditions. This is espggjaod considering the
supplemental community water supplies and opening sharing between neig¥ii@rsupply
reliability during a severe drought requires a much larger effective reaf as shown iRigure
33. By comparison, to reach 80% reliability for a 7 water user household, the existiig 16 m
rainwater catchment determinby average rainfall conditions needs to be expanded t&40 m

which requires significant amounts of space, materials, and money.

Finally, using the catchment sizémt correspond to 80%, 90%, 95%, and 99%
reliability, the size and number for catchmentsdach islands determined. Using the number
of users for each scenario, the number of catchnefdand based on the populatioheach
island According to the 2010 FSM census, the population of Eauripik, Ifalik, and Satawal
islands are 114, 578, and 501, respectively. The population of Falalop is given as part of the
overall Ulithi population, however other sources indicate the population is close (Bh&75.
effective roof area for each reliability gaaid rainfall conditions, taken froRigure32 and
Figure33, is plotted against the islarsphecific required catchment number to give potential
catchment networks for each island. The 99% reliability curves for the dreinglititions are

not pictured as most catchment areas for this goal did not converge to 99% by 4,000 m

As shown in the design curves, the severe drought condéiprires several times more
effective catchment area compared to the average rainfall conditions, apgedyil5 time as
many square meters. Also, the average rainfall plots demonstrate how miaas@scto the roof
catchment area result in a significantly higher reliabityth this tool, water managers can
access how their community rainwater network is perforraargpared to a reliability goal. For
instance, achieving a 95% reliability for the severe drought conditions wouldthearats

required substantial quantities of roofing material. However, achieving afdd3@bs extreme
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rainfall condition is far more reasonable and practical for real implen@mtdhis tool aids in
making those planning decisions and will help water managers justify theirtpldresr island

neighbors, fundergnd contractors.

Design curves, shown Fgures34, 35, and 36are generated for each of the three
remaining islands, Eauripik Island, Falalop Island, and Satawal Islanduilescely on two
important pieces of information for water managers: reliability goal andeuatf users per
catchment. Based on selected reliability goal and the approximate numtageotisers per
catchment, a water manager on these islands camaetethe number of catchments required
and the effective roof area of the catchméstshown inFigures34, 35, and 36, the drought
scenario provides a more conservative rateweatchment system network that requires a larger
catchment area. It should be noted that this is an oversimplification, howevéds agsul
valuable provided the water manager is able to approximate the number of watgrenser

catchment and the avgeacatchment size of the existing network.

67



5. THREEDIMENSIONAL GROUNDWATER LENS DYMMICS

5.1 Introduction

This sectiorof the thesis utilizes thre#imensional () modeling to analyzgansient
groundwater lens dynamics for tfoaur atollsof study in Yap &te.The freshwater lens is the
body of fresh groundwater thiats atop the underlying seawater within H@oceneaquifer.
Rainfall conditionamodeled arsteadyrainfall conditions at downscaledyerage annual rainfall
rates and future rainfaliates obtained fron&CM data Results will be shown in terms of the

thickness of the freshwater lens under the center of each island.

5.2 Previous numerical modeling work

For small, coral atoll islands, previous studies have primarily focused on usingcalmeri
modeling to estimate groundwater lens thickness as well as finding the maximuimasiesta
yield for pumping. Perhaps one of the first examples of numerical modeling for graentkns
dynamics in coral atoll islands was in 1974 by Ronald K. Lam whotheefthite difference
method to estimate permeabilftpm tidal datalLam, 1974). Other studies used the Ghyben-
Herzberg relationship for finite difference, numerical modeling to find the theskoiethe
freshwater lengChidley & Lloyd, 1977) This relationship assumes an abrupt transition occurs
between the freshwater and saltwakewever, it is known that a broad transition zone exists
instead. In 1984, a two-dimensional, finite element U.S. Geological Survey codeSldllRA,
was developed to simulate saturatedaturated, density dependent groundwater flow. This
program is still one of the preferred codes that models density dependent groufidwaterd

several studies have considered SUTRA models for groundwater dynamics in coral atoll
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islands (Underwood, Peterson, & Voss, 1992) (Peterson & Gingerich, 1995) (Bailey, Jenson, &

Olsen, 2009) (Bailey, Jenson, & Taborosi, 2013) (Bailey, Khalil, & Chatikavanij, 2014).

Threedimensional modeling for coral atolls started in 2003 with a study that used
TOUGH2 hydrology models to determineettihickness of the freshwater lens and the effects of
different model parametefkee, 2003). This study also found that two flow components exist in
the groundwater system: vertical movements driven by tidal fluctuationgdtat over small
length and time scales, and flow governed by lw@rg: recharge patternSince thenseveral
modeling studies have been condudtednalyze the effects of séavel rise and overwash on
groundwater lenses using SUTRPerry & Chui, 2012)Chui & Terry, Modeling Fresh Water
Lens Damage and Recovery on Atolls After Storm-Wave Washover, 2012) (Chui & 2@t8)
(Bailey & Jenson, 2014) (Mahmoodzadeh, et al., 2014). The studies by Chui & Terry focus on a
“typical coral atoll islet in the tropical pacifi¢Chui & Terry, 2012), \mereas the study by
Mahmoodzadeh et al. (2014) studies inundation of the groundwater lens on an arid island in the
Persian Gulf, Iran. The SUTRA study conducted by Bailey & Jenson (2014) mooletslgater
lens dynamics on a hypothetical island in Yap,ilginto test various island parameter effects on
overwash. SEAWAT has been used less frequently to model freshwater lensstidynesed
SEAWAT to model impactef sealevel rise, rainfall conditions, and evapotranspiration on the
freshwater lens dBrande Glorieuse Island in the Western Indian O¢€amte, et al., 2014).
Another study used SEAWAT to model the effects of various climatic changes on the
groundwater lens of Andros Island in the Bahafklding & Allen, 2015). Previous studies
have not used SEAWAT to model the effects of future rainfall conditions on the fteshwa

lenses of several islands in Yap State, Micronesia.
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5.3 Freshwater lensdynamics

5.3.1 Model developmnt

This thesis uses SEAWAT to model three-dimensional, variable-density, edturat
groundwater flow for the islands studies. The U.S. Geological Survey developedi¢iioic
SEAWAT by coupling codes for MODFLOW and MT3DMS. The species considered for
variable density flow was aqueous chloride, which is specified at concentrationaviateeand
freshwater. Four islands are modeled in the olyteg areas of Yap State, Micronesia: Eauripik,

Falalop, Ifalik, and Satawal.

For the four islands of interest preliminary model was created to simuksteady
average rainfaltonditions under average annual rainfédl.discretize the model, ArcGIS map
software was implemented to create a shapefile outline of each islangde@blershapefile was
exported into Modelmuse, the USGS MODFLOW program, to aid in creating the griel e
grid space fothe large islands was composed of 1@tarcells and &metercells were used for
smaller islands. Refer teigure37 for a visual representation of the Ifalik grid space &alle
11for the grid cell size selected for each islaBdch model used thirty layers of cells dagkrs
were thinned near the surface to improve precisidghammost active region. Cell tlicess
becomes coarser with depth, with the first layer a thickness of 0.25 meters hottdhelayea
thicknessof 8 meters. The freshwater lendesislands of this size atanited to the top + 8

meters therefore a finer grid space in this section provides more accurate model results.

70



Legen d 0 0.25 0.5 Kilometers

o B |

l:] Island Extent . .
— Created by: Alise Beikmann
| Model Grid Cells Source: iREi

Figure37 — Discretization for Ifalik SEAWAT Model (10 meter cell size)

Tablel1 - Grid cell discretization

Idand Island Area (km?) Céll size (m) Rows Columns
Eauripik 0.10 5x5 62 142
Falalop 0.92 10x 10 130 120
Ifalik 1.33 10x 10 255 200
Satawal 1.29 10x 10 150 190

Eauripik is a small island arte original 10 m x 10 m grid spas&s not discrete

enough for SEAWAT to dwee it. In this case, changing the cell size to 5 m x 5 m is sufficient.
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The largest model is Ifalik with a grid space of 255 x 200 cells for a total of 51,080 cell

Simulations for Ifalik had run times often twice as long as the runs for the siteals.

For the steady, average rainfsilinulations 4-hour time steps were ussitice all islands
were able to converge by the end of a 30-day period during a trial run. Daily ¢jpseasé not
discrete enough to converge for every time step, and 1-hour time steps conflibt&zhuvipik
and Satawal, the former of which did not accumulate a lens and that latter whiictued to
oscillatewithout converging. Refer to Appendix B for plots of maximum thickness using these
time step incrementsnder steady,\a@&rage rainfall condition$Stress periods were daily and

outputs were printed every 30 days to get monthly lens sizes.

The average annual rainfall conditions for Yap Island were simulated, which gnnuall
amounts to 3.07 meteos precipitation All precipitation scenarios were recalculated to have
average monthly rainfall distribute equally between the number of days. SEAlMESTnot
simulate daily rainfall data well for this applicatidRecharge to the groundwater lens for all
scenarios is assumed to B@% based osimplifications made in previous literature
Hydrogeologic properties, including hydraulic conductivity, porosity, specifiag@mrand
specific yield were selected based on commonly observed values for corslatols. The
initial horizontalhydraulic conductivity is selected based on the results from Betilaly 2008
which found that windward islands may be approximated to 400 thiddie Holocene aquifer
(Bailey, Jenson, & Olsen, 2009). Additionally, the results also found that the veyticaliic
conductivity may be approximated to 20% of the horizontal hydraulic conductivity and the
underlying Pleistocene aquifer may be estimated at 5,000 thfdiaghe horizontal hydraulic
conductivity and 1,000 m dayfor the vertical hydraulic conductivity. Porosity is 0.2 in the

Holocene aquifer and 0.3 in the Pleistocene aquifer, consistent with values fouewhtarkt for
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small, coral atollsBased on the average range o126 meters for the thickness of the
Holocene sediments, a depth of 20 meters is selected to modeling the discontimgty of t
geology. Rrameters for the Holocene and Pleistocene aquifer were selected based on previous

work done on similar islands, and these are includdchioie12.

Tablel12 —Initial SEAWAT Parameters

Holocene Aquifer
Hydraulic conductivity (m/day) 400
Vertical hydraulic conductivity (m/day) 80
Porosity 0.2
Specific storage (M 7.50E04
Specfic yield 0.2
Longitudinal dispersivity (m) 5
Transverse dispersivity(m) 1.00E02
Diffusion (nf/day) 1.00E04

Pleistocene Aquifer
Hydraulic conductivity (m/day) 5,000
Vertical hydraulic conductivity (m/day) 1,000
Porosity 0.3
Specific storage () 7.50E04
Specific yield 0.3
Longitudinal dispersivity (m) 5
Transverse dispersivity(m) 1.00E02
Diffusion (nf/day) 1.00E04

Calibration of the models was performed ussatnity data collected on Falalop by
Stephen AnthonyUnited States Geologic8lurvey, Pacific Island Water Science Center,
Honolulu, Hawaii)in 1987-1988 (unpublished data). This data was used for calibratibmdor
reasonsl. salinity data folEauripik or Satawak undocumentednd data collecteith 1953 on
Ifalik is unusable de to a new island geometignd 2 field data collected as part of this study
limited and unreliable due to issues that arose in the figldrefore, calibration proceeds uses
the detailed salinity profile data collected by Stephen AntlodySGS (188, unpublished) to

calibrate the Falalop model and extrapolate findings to the remamnodels.
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Stephen Anthony collecteghlinity profile data from five drilled wells dralalop at
disparate locations on the island. The data was measured sepa@te datesn a day in
October 1987 and anotherJdanuaryl988.Since locations were marked on a rough map by
hand, well locations were approximated and added to ArcGIS along with the MODIgtidW

cells Figure38).
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Figure38 —Map of calibration wells on Falalop
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This designated the reference cells in SEAWAT at which each observation wells ar
located and the groundwater lens thickness at each of the five cells is tracked throughout the
calibration procesd.o calibratethe model, hydraulic conductivity was modifiedtil theerror
between thenodeled and observed freshwater ldnsknessvas minimized. Error is estimated
using two metrics, residual error and root mean squared errorERNise residualerrors for
each observation point are calculated using Equation 6 pelogre dis the lens thickness of
the model and ds the observed lens thickness for the same observation point. THE RMS
estimates errdoy summing the squared residuals for each observation(patiaitof m points)

and taking the square root, as shown in Equation 7.

e, = dy—dg, Equation 6

Equation 7

Since five wells were measured during this study, the hydraulic conduetithtyhe
lowest average error and lowesVIRE is chosen for further modeling. At conclusion of the
calibration, hehydraulic conductivitys reducedo 175 m day to develop a thicker lens.
Results from the cadration are shown iffable13 and the summary of ers areshown inTable

14.
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Tablel3 —Calibration of SEAWAT model to observed salinity profile data on Falalop,-19838

October 1987 Calibration Point

Measured Modeled Error
Well Name| Description Date freshwater | HK =125 | HK =150 | HK =175 | HK=125| HK =150 | HK =175
lens depth (m)  m/day m/day m/day m/day m/day m/day
F-A-WT West 10/14/87 1.80 2.43 1.97 1.57 0.63 0.16 -0.23
F-B-WT Central 10/13/87 6.71 5.70 5.08 4.54 -1.01 -1.63 -2.17
F-CWT East 10/14/87 1.34 4.29 3.69 3.17 2.96 2.35 1.83
F-D-WT North 10/23/87 4.56 3.45 2.90 2.42 -1.12 -1.67 -2.14
F-EWT South 10/12/87 1.75 5.94 5.53 4.87 4.18 3.78 3.12
Average Error (m/day 1.13 0.60 0.08
RMSE (m/day) 5.38 5.03 4.74
January 1988 Calibration Point
Measured Modeled Error
Well Name| Description Date freshwater | HK =125 | HK =150 | HK =175 | HK =125 | HK =150 | HK = 175
lens depth (m)  m/day m/day m/day m/day m/day m/day
F-A-WT West 1/28/88 - 1.62 1.07 0.56 - - -
F-B-WT Central 1/28/88 6.81 5.03 4.41 3.77 -1.78 -2.40 -3.04
F-CWT East 1/28/88 - 3.49 2.85 2.30 - - -
F-D-WT North 1/28/88 151 2.56 1.95 1.40 1.05 0.44 -0.11
F-EWT South 1/28/88 1.45 5.38 4.77 4.15 3.93 3.33 2.7
Average Error (m/day| 1.07 0.46 -0.15
RMSE (m/day) 4.44 4.13 4.07
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Table14 — Summary of calibration statistiésr varying horizontal hydraulic conductivity

125 mday™ | 150 mday™ | 175 m day™
Overall Average
Error (m/day) 1.10 0.53 -0.03
Overall RM SE 4.91 4.58 4.40
(m/day)
Rank (1-Beg, 3-
Wor st) 3 2 1

As shown by the summary tableTable14, a hydraulic conductivity of 175 m day
minimizes the residual error and the RM&Bich reduces bias in the model and the collective
error. Refer tal'able15 for the final model parameteas the Holocene Aquifer anéigure39

for a crosssectionof the calibrated SEAWAT model for Falaltgland

Tablel5— Calibrated SEAWAT Parameters

Holocene Aquifer

Hydraulic conductivity (m/day) 175
Vertical hydraulic conductivity (m/day) 35
Porosity 0.2
Specific storage (M 7.50E04
Specific yield 0.2
Longitudinal dispersivity (m) 5
Transverse dispersivity(m) 1.00E02
Diffusion (nf/day) 1.00E04
Pleistocene Aquifer
Hydraulic conductivity (m/day) 5,000
Vertical hydraulic conductivity (m/day) 1,000
Porosity 0.3
Specific storage (M 7.50E04
Specific yield 0.3
Longitudinal dispersivity (m) 5
Transverse dispersivity(m) 1.00E02
Diffusion (nf/day) 1.00E04
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.350

0.4 km

Figure39 — Falalop alibrated steady average rainfatiodel; A. Plan view, B. Profile view
Red indicates a chloride concentration for seawater of 35 g/kg and blueesdicztloride
concentration of 0.89 g/kg for freshwater.

With the calibrated hydraulic conductivityie freshwater lens is regenerated under
steady average rainfalkonditions for the islands. Plan and profile views of these islands are
shown inFigure40, Figure41, andFigure42. The maximum freshwater lens thickness and total

lens volume for each island is shownTiable16.

942

0.880

0.2 km

Figure40 — Eauripikcalibrated, steady average rainfathael; A. Plan view, B. Profile view
Red indicates a chloride concentration for seawater of 35 g/kg and blueesdicztloride
concentration of 0.89 g/kg for freshwater.
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Figure41 —Ifalik calibrated, steady average rainfathael; Pan view, B. Profile viewRed
indicates a chloride concentration for seawater of 35 g/kg and blue indicatesidech
concentration of 0.89 g/kg for freshwater.

Figure42 — Satawal calibrated, steady average rainfall modePlan view, B. Profile view
Red indicates a chloride concentration for seawater of 35 g/kg and blueesdicztloride
concentration of 0.89 g/kg for freshwater.
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Table16 — Freshwater lens characteristics under steadgrag rainfallconditions

Island MI’?]T(I:IIT#QSIE?DS LensVolume (m®)
Eauripik 0.86 8,700
Falalop 7.64 2,881,000
Ifalik 5.60 2,473000
Satawal 7.65 4,100,000

As shown inTablel6, the freshwater lens oraHlripik is less than 1 meter at maximum
thickness for average rainfall conditions due to the small island width. Actuahlekisess is
most likely smaller since thsland is frequently ovesashedThe lens thicknesses for the other
islands make senselative to each other. Ifalik, which is a long, infinite strip island and the
largest island is shallower due to the elongated shape. Satawal;@rsetar island with a size
similar to Ifalik, has the thickest lens aadens volume 40% larger than the next largest, Falalop.
Falalop is smaller in area, however it is a triangular shape which increaggstindwater

storage.
5.3.2 Future rainfall conditions

GeneralCirculation Modelsare used to examine the effects of global climate change, and
subsequently precipitation, on the size of the fresh groundwater lg@osepresentative GCM
climate models were selected based on the lower and upper representative cmmcentrat
pathwaysGISSE2-H for RCP 2.6 and GISE2-H-p2 for RCP 8.5. Qualitatively, RCP 2.6
models low level climate change in whieimthropogeni€GHG emissions peak in the 2010-2020
decade and decrease in annual emissions in years following. Conversely, RCP 8.5tmuodgls
climate change analssumes that emissions continuetwease annuallfor the next several
decadesThese models capture the range of groundwater lens sizes expected withtoespect

climate changérom 2010 to 2040.
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5.3.2.1

RCP 2.6Scenario

Results from th&0-yearRCP 2.6 climate change scenaaie@ showrgraphically as the

maximum feshwater lens deptkigure43, Figure44), andas the total freshwater lens volume

(Figure45, Figure46). Two figuresare shown for each plot type because the groundwater lens

thickness and volume for Eauripik is typicatisders of magnitude smaller than the remaining

islands A statistical summary of the results is displayedablel7.

Tablel7 — Statistics for RCP 2.6 GCM GISE2-H groundwater model (2012040)

Maximum Thickness (m) Volume (m°)
Island Average Maximum Minimum  Range [ Average Maximum  Minimum Range
Eauripik 0.05 0.46 0.00 0.46 240 4,599 0 4,599
Falalop 5.55 6.66 4.54 2.12 2,221,676 2,881,682 1,452,704 1,428,978
Ifalik 3.35 4.22 2.46 1.76 1,442,197 2,151,803 737,526 1,414,277
Satawal 5.94 6.95 4.77 2.17 3,272,475 4,195,318 2,189,538 2,005,780
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Figure43 — Groundwater lens thickness (m) for R€ ScenariqFalalop, Ifalik, and
Satawal)
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Figure45 — Groundwater lens volume firfor RCP 2.6 Scenario (Falalop, Ifalik, and Satawal)
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Figure46 — Groundwater lens volume @rfor RCP 2.6 Scenario (Eauripik)

As shown by the figures, the freshwater lens thickness and volume varies fartiime
islands in response to recharge. The response, or trend, of the freshwater lenssthic#ne
volume is similar for the three larger islands. A significant increase in maximurthlekisess
occurs early in the simulation period between year 2012 and 2015 that leads tRariefer
variance in groundwater thickness over a 3-year period. In contrast, the maxeshmater
lens thickness for Eauripik never exceeds 0.45 meters and does not exceed 0 nwters for

50% of the 30 year simulation.
5.3.2.2 RCP 8.5 Scenario

Results fom the 30year RCP 8.5 climate change scendn@sed on the GISB2-H-p2

global circulation model, are shown graphicallyFigure47 andFigure48, as the maximum
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Figure47 — Groundwater lens thickness (m) for RCP 8.5 Scenario (Falalopx, daid
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Figure48 — Groundwater lens thickness (m) for RCP 8.5 Scenario (Eauripik)
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Figure49 — Groundwater lens volume @nfor RCP 8.5 Scenario (Falalop, Ifalik, and Sataw
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freshwater lens depth, and irglre49 andrigure50as the lens volume. A statistical summary

of the results is displayed Trablel18.

Table18 — Statistics for RCP 8.5 GCM SBE2-H-p2 groundwater model (2042D40)

M aximum Thickness (m) Volume (m?)
Island Average Maximum Minimum Range | Average Maximum  Minimum Range
Eauripik 0.07 0.85 0.00 0.85 683 18,503 0 18,503
Falalop 5.46 7.01 4.40 2.62 2,225,293 3,173,582 1,550,548 1,623,034
Ifalik 3.33 4.80 2.29 251 1,443,308 2,607,779 692,558 1,915,221
Satawal 5.84 7.88 4.73 3.15 3,274,714 4,682,408 2,320,881 2,361,527

The response for this climate scenario appears distinctly different thaCibhe.R
conditions. The groundwater lens appears much more dynamic in this scenariodeith wi
oscillations of lens thickness and volume. There are also decadal episodes ofigerearseds
and decreases in lens size. Compared to the previous climate scenario, the emgysizés is
larger by over a half meter, yet the overall average conditions are dryeh¢haGP 2.6
scenario. It is apparent based on these findings that climate change strapgivenstrong a
significant impact on the Pacific climate and subsequently the groundesmsgpriofile. This
GCM, RCP 8.5 GISE2-H-p2, represents highly unpredictable climate patterns and if actually
followed in the Pacific environment, it could be disastrous. This is especially &g of the
IPCC projected climate changes occuF®M, namely an increase in typhoon frequencies and
consistent sekevel rise. However, at this time there is no indication whether the Pacific will

experience a scenario like RCP 2.6 GEEEH or one like RCP 8.5 GISBE2-H-p2.
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6. CONCLUSIONS AND RECOMMENDATIONS

Water security on Pacific atoll islands is a growing concern and the statecof wat
security depends on several factors, specifically the availability of ranwvtiaé reliability of the
network of rainwater catchment systemmsd the availability bfresh groundwater as a

secondary sourde use during periods of low rainfall.
6.1 Rainfall conditions

Rainfall conditions must be carefully selectedvater resources analysesd selection
is dependent on the purpose and tsnale. To quantify the reliability of rainwater catchment
systems, it is recommended that users model with-sfont, historical rainfall conditions that
simulate an average year or a severe drowghtdaily time incrementsSevere drought rainfall
conditions provide a more comsative rainwater catchment system desiganeralCirculation
Models may also be used f@WCS analysishowever, the conditions provide a less
conservative desigricCM rainfall conditions are ideal for a lobgrAm, climate analysis and are
recommended fdongterm groundwater analyses. For instatie,freshwater lenses observed
a dynamic response during the B€ar simulation othe RCP8.55CM. Historical rainfall data
andsevereadroughtrainfall dataare also acceptabfer modeling in SEAWAT, providethe

purposss still achievablewith the use oécaleddown, monthly rainfall data.
6.2 Rainwater collection

Optimizing the capacity of the rainwater collection network is the best couastian
for improving water security on remote, Pacific Islarlgluation of rainwater catchments

should be conducted at the community level to reduce siwgplification by average statistics.
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The three most important parameters to consider in RWCS analysis is dailyddeatahment
area, and guttestownspout efficieay. Design cirves included in this thesis supplement the
planning process. Finally, the network afnwater catchment systems on Ifdkkand are

sufficient to meet the needs of the community during average conditions, futuree cdhmage

conditions, and severe drought conditions.
6.3 Groundwater collection

Atoll islands large enough to develop a useful groundwater lens may wish to ntlaisage
source for future droughts. Findings from this study suggest the freshersgerdlumeanay
fluctuate more signifiantly from yeatto-year as a result of highlevels of climate change.
Climate change impacts to the freshwater lens were quite different for betweeghtrend
low-level climate change scenarios, which indicates that the degree of climate chabge will
important to water resource managers in this redibegroundwater analysesofound thata
hydraulic conductivity of 175 m d&yis appropriate for the upper-lying, Holocene aquifer in the
Yap outer-islandsandthe groundwater lens for Eauripik Island is insufficilemtuse as a source

of drinking water.
6.4 Other applicationsand futureresearch

The methods for rainwater catchment systems analysis presented in tBigtéesi
adaptable tany region, especially applications for commuriifsed evaluations. Mass balance
models are customizable and will fit specific needs, like specific precipitagmascs,
conditions of existing systems, configurations of community catchment sysg&anDesign
curves are an excellent resource for constructing new catchment systems andlgnesadadi
as presented. Groundwater modeling methods are applicable to any atoll islamantynm the

Pacific or Indian oceans.
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APPENDIX A—-RAINWATER CATCHMENT SYSTEM DATA FROM IFALIK ISLAND
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Roof Gutter Storage Tank
Compound ID Structure Po(t;r:;lal A(c;m:;a ! Efficiency Condition | Coverage Condition Type Cap (I) % Full
Classroom 546.74 253.69 46% G 100% VG Concrete 337722 0%
School Office 404.47 NA 0% G 0%
Storage 82.84 NA 0% G 0%
Storage 23.85 NA 0% G 0%
Smoke HSE 3.08 NA 0% P 0%
Food STR 4.94 NA 0% G 0%
R2 Catchment 9.52 9.52 100% G 100% G Type A 2000 90%
Cooking HSE 11.84 NA 0% F 0%
Catchment 9.57 9.57 100% G 100% G Type B 1883.7 100%
Food STR 4.32 4.32 100% F 100% G Barrel 282.7 50%
Cooking HSE 8.00 NA 0% P 0%
Food STR 2.25 1.80 80% F 100% G Barrel 282.7 100%
Firewood (a) 2.70 2.70 100% G 100% G Barrel 137.4 NA
" Firewood (b) ~ 14.08 1408  100% G 100% G Type A 2000 100%
' ' ° ° TypeB  1883.7 Empty
Cooking HSE 6.65 NA 0% G 0%
House 12.00 NA 0% P 0%
R-ECE Headstart 141.86 NA 0% G 25% VP ECE 4950 100%
Catchment 9.30 9.30 100% G 100% G Type A 2000 100%
RS Cooking HSE ~ 12.21 6.11 50% G 100% G M‘?:/‘fss;"“
Catchment 7.02 7.02 100% G 100% G Type C 1000 20%
Plate dryer 3.60 NA 0% F 0%
5 30% Type A 2000 75%
Catchment 53.60 42.88 80% G 100% Type A 2000 85%
Cooking HSE 22.54 7.89 35% VG 70% G Type B 1883.7 85%
Men's HSE 30.40 NA 0% G 0%
R6 Cooking area 6.40 NA 0% F 0% MS 57.7 25%
Food STR 3.04 NA 0% G 0% MS 95.4 30%
MSH 61.3 NA
Cooking area 6.33 NA 50% F MS2 29.1 NA
MS3 36.6 NA
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Old Classroom 114.51 28.37 25% G 100% G Type A 2000 75%
Cooking HSE 10.64 NA 0% F 0%
Cooking HSE 7.83 NA 0% G 0%
R7 Cooking HSE 18.06 NA 0% VP 0%
Food STR 3.04 3.04 100% G 100% G MS 28.3 100%
Storage HSE 12.24 NA 0% F 0%
Catchment 3.20 3.20 100% G 100% G Type B 1883.7 100%
9.99 9.99 100% G 100% G Type A 2000 100%
Food STR 5.70 NA 0% G 100% G
Catchment 24.01 12.01 50% G 100% G Type B 1883.7 30%
R1 Cooking HSE 16.72 NA 0% P 0%
Cooking HSE 10.20 NA 0% P 0%
Church 59.85 59.85 100% G 100% G Type A 2000 100%
Storage HSE 5.76 NA 0% G 0%
Drying area 7.84 NA 0% F 0%
Cook HSE 10.56 NA 0% G 0%
Storage HSE 4.56 NA 0% G 0%
Type B 2000 80%
Ra (Women's |  Calchment 4950 4950  100% G 100% G mg; 928%
HSE) MS3 60
Shower 6.00 NA 0% P 0%
Storage HSE 16.10 NA 0% G 0%
Dish Dryer 2.40 NA 0% F 0%
Dish Dryer 3.00 3.00 100% G 100% G MS 24.7
Cooking HSE 8.64 NA 0% F 0%
Church 59.85 59.85 100% G 100% G Type A 2000 100%
Catchment 4.25 4.25 100% G 100% F Type B 1883.7 0%
Church 47.43 47.43 100% G 100% G Type A 2000 100%
R10 Toolshed 2.72 NA 0% G 0%
Chicken HSE 6.27 NA 0% P 0%
Cooking HSE 7.40 NA 0% P 0%
NW Church NW Church 93.87 0%
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o 100% G Type A 2000 80%
House 66.12 43.32 66% G 100% a Type G 1000
R11 Shower 5.32 NA 0% F 0%
Dish Dryer 2.72 NA 0% G 0%
Storage 3.80 NA 0% G 0%
Sink 1.20 NA 0% G 0%
Storage 2.52 NA 0% P 0%
Storage 6.24 NA 0% F 0%
Cupboard 2.88 NA 0% F 0%
R12 100% G Type A 2000 100%
Storage HSE 32.40 24.00 74% G 100% G Type B 1883.7 100%
100% G MS 45.4 50%
Pot STR 3.91 3.91 100% G 100% G Type D 232.5 100%
Shower 5.32 NA 0% G 0%
R13 . o Concrete 44376 NA
Weaving HSE NA 8.88 NA G 100% G Type B 1883.7 NA
Storage HSE 13.32 11.99 90% F 100% G Type A 2000 50%
Storage HSE2 11.02 NA 0% F 0%
R14 Cupboard 2.85 NA 0% G 0%
Pot STR 8.40 7.14 85% F 100% G Type B 1883.7 50%
Cooking area 5.32 NA 0% P 0%
Cupboard 3.60 NA 0% G 0%
R9 Cooking HSE 6.72 NA 0% G 0%
o o Type A 2000 100%
Storage 25.09 25.09 100% G 100% G MS 1773 100%
Cupboard 1.56 NA 0% G 0%
RS Drying area 3.23 3.23 100% F 0% P
Storage 713 6.77 95% G 100% G Type C 1000 25%
Cupboard 2.25 NA 0% F 0%
R15 Storage HSE 21.50 6.75 31% G 100% G Type A 2000 90%
Cupboard 1.68 NA 0% G 0%
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Drying area 3.06 NA 0% G 0%
Cooking HSE 6.76 NA 0% G 0%
Cupboard 4.18 NA 0% G 0%
o 100% G Type B 1883.7 100%
R16 Storage HSE 21.56 16.72 78% G 100% G Barrel 1960.6 NA
Storage HSE 5.25 NA 0% G 0%
Cooking HSE 6.44 NA 0% G 0%
Drying area 11.47 11.47 100% G 100% G Type A 2000 NA
Cupboard 3.20 NA 0% G 0%
Drying area 19.98 19.98 100% F 100% G Type A 2000 25%
R17 Cupboard 1.96 NA 0% F 0%
Cooking HSE 7.54 NA 0% P 0%
F18 Cemetery 10.85 5.95 55% G 100% G Type B 1883.7 60%
Storage 16.50 8.25 50% G 100% G Type A 2000 70%
Cupboard 5.40 5.40 100% VG 100% G Type C 1000 15%
. o 100% G Type B 1883.7 95%
Drying area 9.50 9.03 95% G 100% G MS 56 5488 0%
Cooking HSE 11.02 NA 0% G 0%
Drying area 3.12 NA 0% G 0%
Cupboard 1.92 NA 0% G 0%
F17 Cupboard 2.09 NA 0% F 0%
Cupboard 2.25 NA 0% G 0%
Catchment 8.41 8.41 100% G 100% G Type A 2000 0%
Cooking HSE 14.40 NA 0% G 0%
Cooking HSE 4.65 NA 0% F 0%
Cupboard 2.70 NA 0% G 0%
Cupboard 2.10 NA 0% G 0%
F-ECE Catchment 39.05 19.88 51% G 83% P Type A 2000 100%
School 140.00 9.00 6% G 100% G ECE 4950 100%
Cooking HSE 7.35 2.43 33% G 100% G
F16 Food STR 1.56 NA 0% G 0%
Drying area 3.84 NA 0% F 0%
Cooking HSE 13.60 NA 0% G 0%
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o o 2000 100%
Store 57.04 49.36 87% G 100% G 2000 100%
Store Storage/ Cooking  17.68 11.44 65% G 100% G Type B 1883.7 100%
Drying area 3.23 NA 0% G 0%
Cupboard 3.06 NA 0% VG 0%
Cooking HSE 7.28 NA 0% G 0%
Cupboard 2.52 2.39 95% G 100% G MS 25.8 100%
F16 Drying area 2.24 NA 0% P 0%
Cooking HSE 11.07 NA 0% F 0%
Cupboard 1.43 NA 0% G 0%
Drying area 0.88 NA 0% G 0%
Cooking HSE 1.40 NA 0% G 0%
o o Type B 1883.7 100%
F14 FEMA HSE 69.58 56.80 82% G 100% G Type A 2000 100%
Cupboard 3.61 NA 0% G 0%
Cooking HSE 19.20 NA 0% F 0%
Cooking HSE 3.74 NA 0% P 0%
F12 Catchment 37.20 NA 0% G 0% Concrete 33300 0%
Storage 12.25 12.25 100% G 100% VG Type A 2000 50%
Cooking HSE 27.72 10.50 38% F 100% G MS 49 NA
. 17.15 17.15 o o Type A 2000 100%
Drying area 735 735 100% G 100% G MS 211 100%
F11 Cupboard 2.04 NA 0% G 0%
Cooking HSE 13.30 NA 0% G 0%
Cupboard 1.82 NA 0% F 0%
Cooking HSE 14.00 NA 0% G 0%
Storage 4.76 NA 0% G 0%
Cupboard 2.52 NA 0% G 0%
Catchment 7.59 7.59 100% G 100% F Type A 2000 25%
Cupboard 1.69 NA 0% F 0%
F10 House 8.25 8.25 100% G 100% G Type B 1884 20%
Drying area 10.08 10.08 100% G 100% G Type C 1000 30%
Cooking HSE 14.44 NA 0% G 0%
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Drying area 6.00 5.40 90% G 100% Type D 233 100%
Cupboard 3.60 NA 0% F 0%
Drying area 3.90 NA 0% F 0%
F9 Cupboard 2.21 NA 0% G 0%
Cupboard 2.55 2.55 100% G 0% MS 26 0%
House 9.52 NA 0% G 0%
Catchment 27.93 13.97 50% P 0% Concrete 47150 0%
House 25.48 12.74 50% G 100% Type A 2000 60%
Fs Catchment 13.33 13.33 100% G 100% Type A 2000 100%
Cupboard 2.34 NA 0% G 0% NA
Cupboard 2.10 NA 0% G 0%
Cooking HSE 18.00 18.00 100% G 100% Type B 1884 0%
Type C 1000 100%
o o MS1 11 100%
Storage HSE 8.12 8.12 100% G 100% MS2 11 100%
F7 MS3 11 100%
Drying area 10.92 10.92 100% G 100% Type A 2000 100%
Cupboard 3.42 NA 0% G 0%
Catchment 8.37 8.37 100% F 100% Type B 1884 100%
Cooking HSE 4.00 NA 0% F 0%
Dishes 2.25 NA 0% G 0%
F4 Drying area 11.84 11.84 100% G 100% Type A 2000 100%
Storage 15.81 15.81 100% G 100% Type B 1884 100%
F3 Cooking HSE 6.24 NA 0% F 0% NA
Cupboard 2.70 NA 0% G 0% NA
F1 Drying area 14.80 11.84 80% F 100% Type A 2000 100%
F19 Cupboard 5.58 5.58 100% G 100% Type B 1884 100%
Cooking HSE 9.88 NA 0% G 0% NA
Cupboard 8.00 3.20 40% F 100% Type C 1000 100%
Y6 Drying area 6.29 NA 0% G 0% NA
Cooking HSE 2.40 NA 0% G 0% NA
v Cupboard 7.92 7.92 100% F 100% Tﬁg B 113(% 100%
Storage 6.00 6.00 100% G 100% Type A 2000 75%
va Drying area 17.60 14.08 80% F 70% Type A 2000 30%
Water tank 0.00 NA 0% 0% Metal 50463 0%
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Y7 Storage HSE 10.54 7.91 75% F 0% Type B 1884 90%
Cupboard 5.89 4.71 80% G 100% G Type A 2000 100%
o o Type A 2000 100%
Y3 Storage 6.00 6.00 100% G 100% G Type G 1000 100%
Type A 2000 100%
Y8 House 40.32 36.72 91% G 75% G Type C 1000 100%
Type B 1884 50%
Drying area 13.02 13.02 100% G 100% G Type A 2000 100%
Storage 7.20 7.20 100% G 100% G Type B 816 100%
Type A 2000 100%
. . . Type A 2000 100%
Y1 Community tank 23.00 23.00 100% G 100% G Type C 1000 0%
Concrete 62426 0%
. ) Type A 2000 50%
House 24.08 15.88 66% G 100% G MS 157 30%
Type A 2000 0%
8.75 8.75 100% G 100% G
114 Storage ° ° Concrete 6664 NA
Cupboard 12.60 10.08 80% F 100% G Type B 1884 30%
22.40 22.40 100% G 100% G Type A 2000 50%
57.60 57.60 100% G 100% G Type A 2000 0%
21.12 21.12 100% G 100% G Type A 2000 40%
13 House 13.50 13.50 100% G 100% G Type A 2000 100%
13.00 13.00 100% G 100% G Type B 1884 20%
22.08 22.08 100% G 100% G Stzgsss 921 0%
22.20 22.20 100% G 100% G MS 196 70%
Storage 6.72 6.05 90% F 100% G Type B 421 30%
112 Cupboard 2.40 2.40 100% G 100% G MS 183 10%
Cupboard 1.56 1.56 100% G 100% G MS 206 100%
Storage 6.90 4.83 70% F 100% G Type B 1884 20%
5.75 5.18 90% F 100% G Type A 2000 100%
10 Catchment 0.00 NA 0% Type B 1884 15%
112 House 5.00 5.00 100% G 100% G Type C 1000 25%
Type B 1884 20%
12. 12. 100% 100%
111 Storage 58 58 00% G 00% G MS 550 70%
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Concrete 20701 NA
Dispensary Dispensary 137.52 NA NA G 0% NA Wh|t§ 500 NA
plastic
Old satellite | Old satelite 5, NA 0% G 0% NA | Concrete 9477 0%
dispensary dispensary
20.46 G Concrete 10944 100%
18.66 o G Type A 2000 95%
115 House 139.86 8 68 53% G G Type B 1884 100%
6.00 G MS
Community
Catchment Catchment 27.00 0.00 0% F 0% NA Concrete 44376 0%
close to 115
15.75 15.75 100% G Type B 929 100%
14.50 14.50 o 100% G MS 139 50%
16 House NA NA 100% G 100% G MS 57 100%
16.94 16.94 100% G Type A 2000 100%
Catchment 10.85 10.85 100% G 100% G Type A 2000
13 Cupboard 6.60 6.60 100% G 100% G MS 77 100%
Cupboard 3.23 3.23 100% F 100% G Type B 1884 NA
Catchment 4.60 4.60 100% F 100% G Type C 1000 NA
Type B 1884 100%
| H 98.90 28.37 29% G NA G
> ouse Type A 2000 100%
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APPENDIX B—-GROUNDWATER LENS THICKNESS PLOTS FROM CALIBRATED

ISLAND MODELS USING THREE TIME STEP CONDITIONS
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