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Abstract

Challenges in balancing freshwater demands and thetéontavailability of freshwater fromsmall
island aquifersvarrants esponsive management, wherappundwateconditiors guidedecisions
about pumping rate® avoid well salinization We evaluateesponsive freshwater lens management
for the first time, through transierthreedimensionaldispersive modelling oBonriki Island

(Kiribati). Bothresponsiveand fixedmanagement scenariage exploredincludinga novel pumping
redistribution strategyModelling resultsrevealthatresponsive managemeoffers superiotens
protection particulary during droughtsPumping redistributioproducedower salinities but greater
lens depletionAll scenarios indicatéhat the Bonriki lens will continue to declingonsistent with
previous shortetimeframeprojectionsLower lens storage lossage attainabl®y abstrading
groundwater athe maximum acceptable salinigontrary taraditionalstrategie®f seekingthe

lowest available salinis. The methodology developed in this research provides a blueprint for
investgatingr e s po ns i vangr eflantotndi tnmoarnage ment scetbestr i os

practicefor balancing freshwatetemandswith long-termlenssecurity

Keywords Atoll island; Saltwaterintrusion Wellfield operation Sustainable yieldDrought
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1. Introduction

Fresh groundwater in islands is stored in lefiseging above underlying saltwater that are held in
delicate balance by buoyancy forces, freshwsgawater mixing and aquifer inflows and outflows
Onsmallislands freshwater lenses and rainfall are the two main sources of water for human
consumption (White and Falkland, 2010; Werner ¢R8l17).The main threats to freshwater lenses
are pollution by anthropogenic contaminants and salinization by seawater. Sdifegjtize available
freshwater resourceslls for water management strategies that are tailored towards the unique

physiographic conditionencountered oislands.

The abstraction of fresh groundwaterm islandsresults in thinning of the lens, widenin§the

transition zone between the fresh groundwater and seawater, and in many cesas)g(e.g.,

Werner et al., 207)7Due to the increasing demand for water, mainly driven by population growth, the
withdrawal of groundwater has increased in matanis (e.g., Ibrahim et.aR002) and titure

changes in rainfall patterns are expected to affect freshwater avail@bigitynaieiand Bailey 2018).
Without sufficient knowledge of the groundwater system and recharge rates, there is a serious risk of
overexploitation. Much effort has therefore been devoted to determining the sustainable yield of
freshwater lense&roadly defined as the rate at which groundwater can be extracted without adverse
effects, the sustainable yield is often expressed ascamiage of the recharder exampleranging

between 25 50%for atoll islandgHunt and Peterson, 1980; White and Falkland, 2010).

Numerical groundwater models play a key role in water management dengamy and have been
appliedto a number of iginds (see Werner et §017) for a recent overviewf atoll island

example}. They provide a versatile tool for the comprehensive assessment of factors that may impact
the sustainable yieldf island aquiferssuch as transient rechamed pumpingrariability, and solute

mixing processedhe latter is particularlymportan, giventhe greagr thickness of the transition zone
relative to that of the freshwater lensmany cases (e.g., Buddemeier and Oberdorfer, 2004).

Therefore numerical models that simulate dispersive mixing may be the only appropriate tool to
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assessbstractioreffectsi n 't he cont ext of t Theirapplichtiarford s sust ai

sustainable yield estimatias limited though to islands where suféint hydrogeological data are

available.

Several studies have adopted numerical models to design groundwater supply feystéolisslands
Griggs and Peterson (1993) modelled the freshwater lens of the Laura area on the Majuro Atoll,
Marshall IslandsThey varied design criterisuch asbstraction rate, number of wells, and well depth

It wasconcluded thathe sustainable yield of horizontal galleries was roughly double that of

individual pumping centres (i.arilled vertical wells). They also natghe absence of steadiate
conditions due to the high temporal variability of recharge rates, and contended that a higher
sustainable yield would be calculated when monthly recharge rates were modelled instead of yearly
averagesas the latter underestatal actual recharge&shassemi et al(1999 found that using monthly
recharge rates instead of quarterly averages led to improvementimthel e | 6 s abi |l ity
observed groundwater salinitiekheyconcluded that it is vital to consider the transience of the system

at an appropriate temporal resolutturing calibration.

Post et al(2018 investigated the lonterm effects ofibstraction from the freshwater lerfsSBonriki
Island, Tarawa Atoll, Kiribati. Groundwater is withdrawsinga network of infiltration galleries,
which ha been in operation since 19&3rowing water demand and upward revisions of the
sustainable yieldstimates have led tihe abstraction ofvergreater amounts of groundwater. Water
balance calculationisy Post et al. (2018hased on a calibrated SEAWAT mod&iowed thahearly
80% of the total abstracted volume since the start of operations is magidreshwater that would
have otherwise discharged into the ocean. The remaindeemased fronstorage withirthe
freshwater lens, which consequently decreased in volBost.et al. (2018) found thétestorage
volume decrease is almost linearly degent on the total volume abstracted and showed no signs of
abatement after 27 years. The salinity of the abstracted aratonriki Islanchas becomenuch

more responsive to droughts, as the transition zone has migrated upwerdweugloser to the

saeens ofmost of thewells than in the past.
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These negative developments call for a reassessment of the management of th&\Baeriki

Reserve. The current water demapgpears t@exceed the capacity of the freshwater leosording to
Post et al .,andthdre?ofe h B2fluctipnansabstracton is not consideieasleoption

for the shorterm, as there are no alternative water sources on the island to mpest#ilale water

deficit (Joliffe, 2017) Therebre, a strategys neeadto minimise freshwater lens vulnerabilitp
salinizatonwhi | e maxi mi sing the provisi on oThisgdapee s h
presents a methodology to explore groundwater reserve management strategies applied to Bonriki
Island (Kiribati) including several options, such as redistribution of pumping and land use
management to increase recharge. This allowed the e#faetg of dynamic management of the lens

based on drought indicators to be investigated

The principlesof dynamic management scenarios are predicated on adaptive management concepts
(e.g., Williams, 201} Specifically, he approach to managing the Boniéis adopted in this
investigationis a form of triggedevel management (Werner et, &011), in thatmeteorological

indicators and salinity levelreused tcset theallowableabstraction volumes.t&dard groundwater
modelling codes are not wedlited to test the effectivenesssoichoperational management
processeshecause the rate of pumping is dynamic and not known a priori to simpkattmstead
depends on the model outcom&kat is,to properly assess the anticipated mode of management,
feedback mechanisms are required whereby pumping is moderad&tsbghaviour. Enabling

dynamic simulation of pumping rates based on management rules is an extension to previous
modelling investigationsf coastal aquiferge.g., Ghassemi et al., 1999; Werner and Gallagher, 2006;
Post et al., 2018 he calibrated numerical model of the Bonriki lens was therefore implemented as a
scriptbasedmodel uing the FloPy libraryBakker et al 2016) which enales the execution of a
MODFLOW-based model in Rython programming environment. The objective of this article is to
demonstrate the applicability of such modelgésign and evaluate the effectivenesdynamic
managemerproceduredor freshgroundvater resourcesn particular, where saltwatéreshwater

interactions are critical
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2. Studyarea

The island of Bonriki is paxf the TarawaAtoll in the Republic ofKiribati, locatednearthe equator
in the western part of the Pacific Ocean (Figurel'hg surfacelevationis betweer? and 4 m above
mean sea levelt is separated from the neighbouriBgota klandto the northeast by a tidehannel.
On the ocean side isbeach on a rdcplatform from which a reef flat extends into the oc&dre
island is located on the soutfasterntipoftha t o | | 6. An ajuaaqylture facility with
approximately easwest oriented saltwater ponds is located in the southern part of theBslarki

International Airport is located centrally on the island, and the fringes contain residential areas
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Figure 1. Locality map of Tarawa Atoll and Bonriki Islatfhken from Post et al., 2018)

Together with thesmallerlens of the adjacent Buota Islaf@bnriki| s | afrestivéater lens

constitutes Tarawas Nat i o n a |.DWaotlireited wRter sesourges on the island, land use is
regulated; however, law enforcemenpisblematic Extensive vegetation, primarily coconut tressl
pandanugJolliffe, 2017) covers the lens are@roundwater is abstracted by a system of infiltration
galleriesin the form ofhorizontal wellghat area few hundred metres in length justdwelthe water

table These welldeed water into a central vertical shaft from whilch watelis pumpedAfter

chlorination the waterentersthereticulated water systerthrough which the majority of water is
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provided to thénigh populatiordensity regionsf South Tarawénotwithstanding significant leakage
problems with the reticulation networlth 2014, groundwater was being abstracted at a rat862 1

m?/day Post et al., 2018

The subsurfackthology is made umf Holocene clasticesliments that cover the underlying

Pleistocene limestone. The lattersnsubjected taveatheringduringoceanlow standsoft he ear t hé s
glaciations Theerosive surface that forms theundary between the Holocene sediments and the
underlyinglimestoneis uneven and its depth varies®yo 6 mbetween drill holesTheHolocene

material transitions frorthe lagoon to the ocean from (ijiconsolidated sand and graveto (ii)

poorly canented hard coral fragmenisto (iii) consolidated coral deposits. Detailed descriptions of

the geology of Bonriki Island are provided by Falkland and Woodroffe (2004) and Jacobson and

Taylor (1981).

Tarawd s hot tropical c | bymldNti@Soutrern ©dcilation @ENSQ@ydes, f | uenc ed

andtustte  Sout hern Oscillation Index and Tarawabs
al., 2007).The period between May and November tetodse the driestwhile most rainfall occurs

from December to AprilDaily rainfall observations have been reazh Betio Islandsee Figure 1 for
location)since 1947The average annual rainfalhsed on the measurements betwketary 1947
andDecember 2013 was 1998 mm. Daily rainfedk beemecorded at Bonriki Airport since 2009.

Pan evaporation datpollecied on Betio Islanthetween 1981 and 199delded amean pan

evaporation ratef 6.15 mm/d, with a minimum of 5.5 mm/d in July and a maximum of 6.9 mm/d in

September and Octobg@Falkland, 1992)

Increases in seawatemperaturedue to future global warmingre expected to lead to artrease in
rainfall averagesn the Pacific. Predictions of future rainfall as well as drought frequency and duration
are based on global atmospheric circulation modefsu@htperiodsare stronglycorrelated witithe
interannual La Nifia cycles and sea surface temperatures (\20it@).While therepresentation of

ENSOcycles in such models has improved, different models still produce divengijegtions of
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changes ifirequency, intensity and gatns of future El Nifio and La Nifia evefiBoM and CSIRO
2011).ForKiribati, BoM and CSIRO (204) indicatewith medium confidence that the annual as well

as the seasonal mean rainfall will increas® that the incidence of droughts will decrease.

3. Methodology

The modelling technique adopted in assessing the efficacy of management scenarios on the Bonriki
freshwater lens involved the development and application of a novel feedback mechanism, whereby
pumping was restricted according to aquifer conditions; in a similar mannerdpetational

procedurehat is projected to occur when/if the freshwater kextsbits signs of future stress.suite

of future scenarios was consideradd the corresponding simulated management practiees
evaluatedin terms of their effectivenedsased orthe predicted salinitec e x pr essed as t he
electrical conductivity, EC)f the abstraction well§:rom thesemanagement rules were formulated
thataimto minimise thdong-termeffects of abstraction on the freshwater ledle optimising the

access to fresh groundwatee., EC below 1.5 mS/cmjor the population of South Tarawkhis was
achieved througtheplacement ofconstraints on the abstraction ratiesingdroughtsso that
unacceptableegative impactfom prolonged periods of low rechargee minimisedFirstly, a

calibrated numerical model was developed for this purpose using the SEAWAT code. The calibration
procedures and results are described in detail in Boksetel (2015), Galvis et a(2016) and Post

et al (2018. The design of managemembceduregook into ®nsideration various aspects that
determine the condition of the lens, jrainfall, land use and abstraction regimes, as will be detailed

in the following subsections.

3.1 Rainfall

The spatiallyistributed and transient recharge required for the numerical model was determined using

the WATBAL code, which has formed the basis for estimates of rainfall recharge to the Bonriki lens

in several previoumodelling studies (Alam et aR002; Falkland md Woodroffe, 2004Post et al.,

wat er 6s
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2018. Rainfall inputs to WATBAL were required for futureenarios whichwere developed for an
evaluation periodpanninghe years 2015 2044 (i.e, 30 years)Thiswas preceded bsimulation of
the conditions occurrinduringJanuary 1997 December 2014, which encompassed the calibration

period for the transient model and represents the historical period with the most intensive abstraction.

Uncertaintyin future predictions of changes in int@nnual rainfall variabity, as mentioned abovas

well as the unknown response of evaporation to changdisnatic variables such aesmperature

form an obstacle in parametrising the recharge to the freshwater lens for predictive model scenarios
(White, 2010) Therefore, instead of relying on uncertain projectionsd#ily measured rainfall data
from January 1986 to December 2Qgere used as input féne recharge calculatiofisr the period
January 2016 to December 20Z4e selected historical rainfall record includes 5 years of high

rainfall (1990i 1994) as well as a thrgear drought (1998 2000) which was the severest event

since measurementtaged in 1947This threeyear drought occurs during the years 202830 in

the rainfall time series adopted for scenario amalysctual measurements were used for the year

2015.

The unmodified historical rainfall as a proxy for the future rainfalferred to asainfall scenario
S1 Additionally, two scenarios were designed in which different drought characteristics were
considered. Imainfall scenario S2asix-yeardroughtwas implemented bseplacingthe daily data for
the relatively wet year 2027 (which maps onto 1997 in the historical rewithdthe averages of the
years 1995, 1996, 1998, 1999 and 2@Pdoing this, the rainfall of 20252030 was lowered from
1213mm/y to 808 mm/y (on average)n rainfall scenario S3a repeated drought is considered by
using the 1996 2014 rainfall observations for the period 2018034 and the 1996 2005 data for
the years 20356 2044, which means that the 1992000 dry yearsre repeated twida the future
scenarigi.e, during the years 20182020 and 2037 2039. Themonthlyrainfall values are

displayed graphically in Figure 2.
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Figure 2. Monthly rainfall for the period January 1995 to December 2044afafall scenarioga) S1,

(b) S2, and (c)S3. The green line shows tRe, trendsfor therainfall time serieswhereRy, is

obtairedby first summing the monthés rainfall and
relative to other 12nonth sums (Post et al., 2018je green shading indicates periods ViRth<

25%.The orange bars are used to highlight the replicB®@i 2000 drought periadThe red bars
indicate the values used for the year 202finfall scenario S2n which each month was the average

of the corresponding month in the years 2025, 2026, 2028, 2029 and 2030.

3.2 Land use

The original calibrated model adopted five recharge zones and considered the perio@@P97n
2015, the vegetation was cleared in a significant part of the BoMekerReserve for the installation

of solar panels. The modified land use of this aoas included in the model during the years 2015

2044 (Figure 3)with the effect of vegetation clearing on recharge evaluated WSEBAL.
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Figure 3. Zonation of recharge in the numerical simulatiandthe locdion of infiltration galleries

overlain on a closep of the model gridThe yellow area indicaszone 6 whichexperienced higher
recharge rates since September 2015 when the vegetatiahearesl and solar panels were installed.

Prior to thisit was part of recharge zone 1.

3.3 Abstraction

Threefutureabstraction regimes were considenetferred to as Q1 to Q3 in the followirig the first
(Q1), it was assumed that tietal abstractiorrate becomes 1660°d as of July 2014, which is the
first month for which no actual, measured abstraction rates were availdabketime of this analysis
The abstraction rate is kegteadyand is distributeéh relative proportions over thel ®dperational
galleriesbased on the original desigield of each othe pumping galleriegAlam et al, 2002
Falkland 2003)(Figure 3) This abstraction regime represents anmmemagement approachdoought

with abstractiorfor each pumping gallergtits originaldesign rate

12
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The second regime that was considdf@#) involved redistributing the abstraction rates between
individual galleries based on a sensitivity rankifige ranking was determined bgpeatedlyunning

the model with rainfall scenarf®land abstraction regim@1, but with abstraction at each gallery
increased by 80 ffday one gallery at a time. The sensitivity was measured by the resulting increase of
the salinity of the water at the trunk maivhich collects the water from all galleries. The salinity
increase was taken as the averfa@evalue over lhie years 2029 2031, i.e, following the 2028

2030 drought by a lag time of 12 months to account for the delayed response of the abstraction water
salinity to lowrecharge condition§he abstraction rates of the four most sensitive galléreesl,

17, 2 and Q) were scaled back by 45, 45, 22.5 and 22/&lay, respectively, while the abstraction

rates of thesix least sensitive gallerige.,7, 9, 11, 12, 13 and 2®ereeachincreased by 22.5

m3/day. The total abstractehtethus remained constant at 166&/aay.

The thirdabstractiorregime(Q3) built uponQ2, in that the redistributed pumping rates from Q2 were
used as the target (or starting) values in Q3. The sensitivity analysis that was run prior to Q2 (see
above) was reun to recalculate the sensitivities with Q2 pumping rates in place. The reghits of
areprovided in Table 1, which lists the wells with the highest/intermediate/lowest sensitivities; noting
that these have changed compared to sensitivities used to determine the pumping redistribution in Q2
(see above). Relative to Q&n additionaket of more sophisticated ruless adoptetb minimise the
impact of drought on the leifse., in the form of triggetevel managementA period during which
Ri» < 25% is called a warning period under this regifriee rules tested were formulated asdek:
1. If Ri2< 25% and the EC at the trunk main exceeds 1 m8t@ny stage in a@onth period
the abstraction rates of galleries with EC > 1 mS/cm are reduced by a predeterminatd level
the end of that-8nonth timestep(Tablel). Galleries with EC > 2.5 mS/cm are switched off.
The reduction becomes effective during the subsequerdrh period.
2. fR2O0 25 % &Qalthe trork main exceeds m®/cmat any stage during arfionth
period the abstraction rates galleries withEC > 1 mS/craresubsequentlyeducedor

three monthss indicatedn Table 1 and @lleries with EC > 2.5 mS/cm are switched off

13
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3. While the conditions unddror 2 are in effect, gallerycan only beestored tats full
pumping capacityf the EC ofthewaterit abstractdalls below 0.9 mS/crat the end of each
3-month periodOnce these conditions are no longer in efféngt,relevangalleiies are

restored tdheir full capacity.

Tablel. Reduction in abstractiofiom individualgalleries based on their sensitivis part of the
responsive management rules simulated in abstraction regime Q3

Sensitivity EC change at the trunk Galleries Reduction imQ3
main (mS/cnd) abstraction (r¥d)
High >0.4 4,7,8,9,10,11and 19 |50
Medium 0.17 04 3,5, 6,12, 14 and 15 30
Low <01 1, 2,13, 16, 17, 20, 21 an{ 20
22

a Averagechange irEC over the years 20292031in response to a pumpirigcrease of 80 fiday

for simulation S1Q1.

For abstraction regim®3( i .responsivéiabstraction)the 30year future simulation period was
subdivided intdl20sequential model runs 8fmonthsduration The first 3month period, starting on

1 July 2014, used the calculated heads and concentrations of the calibrated model as starting
conditions.A central control prograpwritten in the Python programming languagens the

SEAWAT model and reads in thercentrations at the end @ich3-month period using the FloPy
library (Bakker et al 2016). It implements the above management rules to decide for which galleries
the abstraction rateill be reduced during the subsequem@nth run.The main programexjuence is
displayed graphically in Figure 4. The heads and the concentrations at the enthofhth3nodel run

are useds initial conditions for the subsequent model fithre progranalso calculatethe freshwater
lens volume V) andotherwater balane components at the end of each model run, and the numbers
for the entire 36/ear periodare recorded in spreadsheet files for gmstcessing. This othefly
processing of model outcom@squiringminimal extra computation timéjas the additional

advantage that the size of the output files remains small, as the resuttoaoft8simulations keep

getting overwritten.

14
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Figure 4. Schematic diagram showing the mpiogram flow used in the scripsed approach to
evaluate management scenarios. In this study, the loop depicted by the circle was executed 120 times

and each model run lasted 3 months, bringing the total simulation period to 30 years.

Model simulationsare denoted by a label that is composed of the rainfall scenario and abstraction
regime. For example, model simulation S2Q3 is for the responsive abstraction (@gnagplied to
rainfall scenario SZThe third abstraction regime was not implementeddmfall scenario S1, but
otherwise all combinations of rainfall scenario and abstraction regime were considered, resulting in
eight simulations (Tabl2). A no-abstractiorregime (QO)was also rumwith each rainfall scenarjo

bringing the totahumber of simulations to eleven

Table2. Model simulation names.

Rainfall scenario
Abstraction regime

S1 S2 S3

QO (no abstraction) | S1Q0 S2Q0 S3Q0

15



Q1 (original) S1Q1 S2Q1 S3Q1

Q2 (redistributed) S1Q2 S2Q2 S3Q2

Q3(responsive) S2Q3 S3Q3

322

323 3.4 Model output

324

325 The effectiveness of management scenariasewaluated from model outputs of: (1) the freshwater
326 lens volumeYs), (2) pumped water volume®K), and (3) the salinity of pumped groundwater.

327 Modelled concentrations were used to deterrdinevhich was calculated by summing saturated
328 volumes in cells containing groundwater with E@$ mS/cmat the end of each stress peridtle
329 effect of pumping on theize of the freshwater lens was assess¢éeims of be difference between
330 modelled freshwater volurssvithout abstraction\(tns) and with abstractions), a s Vi €Vina- Via.

331 The total abstracted volume of groundwd¥éks ) was defined as
N

332 Vabs,tot: a. QAi [p (2)
1

333  whereQa, is the volumetric abstraction rate for mon{m?®d), a n d;is the length of monthin days
334 (28t@ 3pl). The t ot airfce thewstarboépumping on  danuark BREAEN =

335 696.

336

337 The model results were comparedRie (see Figure 2)which is a drought indexsedi n Ki ri bati 6 s
338 water management and drought response plans (e.g., White et al.Re8H)resents the rank of the
339 12-month rainfall total relative to other 48onth surs (for the same monttjr the rainfallscenario
340 being evaluatedrhat is, anR;. value of 100% means that tbherrent month angrevious 1 months
341 were wetter than any other-b2onth period with the same start and end months.

342

343  4.Results

344

345 4.1 Effect ofainfall scenarios

16
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Figure5 shows thalevelopment of the abstracted waE€t at the trunk main for rainfall scenarig$,

S2 andS3 (July 2014 to December 2044nd for the three abstraction scenarios Q1, Q2 and 23
difference in the calculatd€iC between the rainfall scenarios demonstrates how sensitive the lens
condition is to changes in recharge. This is borne out especially by the difference between rainfall
scenariosSl andS2, which are identical exceptrfthe year 2027, which was much dryer in scenario

S2 than in scenari8l. The effect on the salinity of the abstracted groundwater is substeshiial

the EC only just exceeedthecritical limit of 1.5 mS/cm for two brief periods of a few months in
simdation S1Q1the 1.5 mS/cm limitvas well exceeded for a period of about 3 yéarsimulation

S2Q1 Even more remarkably, the exceedance of the 1.5 mS/cm EC limit in 2043 and 2044 in S2Q1,

but not in S1Q1, is the result solely of the year 2027 beingidrrainfall scenario S2 than in S1.
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Figure 5.Results ofmodelsimulationsfor rainfall scenaris: (a) S1, (b) S2and(c) S3. The EC is

shown in red, whereby solid lines, dotted lines and dashed linés arespectivelythe abstraction

regimesof pumpingat the original design yiel@1), pumping redistributioiQ2), and pumping

18



362 restrictions based on aquifer respoasd occurrences of drougl@3). Red shaded areas show

363 regions of EGrariationbetween abstraction scenarisen EC > 1.5 mS/cnThe green line shows
364 theRu:trend for the rainfall time series and green shaded areas indicate warning peridgs €.e.,
365  25%).Light blue bars show pumpirfgr pumping regime Q&egative values) and dark blue bars

366  shown recharge rates (i.8g). The EC limit of 1.5 mS/cm is inchted.
367
368 Duringand aftetthe first 3year drought (2018 2020), the trunk mai&C in simulation S3Q1 reaches

369 levels of over 2 mS/cm for seve@nsecutivanonths. Bearing in mind that the 2082044

370 sequence is the same as the6202015 inscenaridS3 it is interesting to note that the samgear

371  drought (now spanning the years 2032039 provokes a much stronger salinity respofi&guresc).

372 ECvalues reach over 4 mS/cm and the 1.5 mS/cm threshold is exceeded for a continuous period of
373 about 4 years, aneenpersistduringthe first months of the followingboveaverageainfall period

374

375  This behaviour can be better understood by observing the temporal variabilitywbiich is shown in

376  Figure6. The main difference betweeainfall scenarig S1 andS2 is that in scenari6l, the

377 persistent decreage V; during the years 20252031 of scenari®?2 is interrupted by a circa oryear

378 period of recovery in 2027. This means timgimulationS1Q1, V; only drops below a value of 4 x

379  10° m® during the years 2030 and 2031, which is when the salinities tiré@ranighest.In simulation

380 S2Q1on the other hand/ falls to values of just over 2 x 4 during those same years, which

381 indicates that the lens is in a poorer condition overall and explains why the salinities rise much higher
382 and for a much longer period of time. The same reasoning applies to explain the difference in the
383 response to the-year droughts imainfall scenaridS3. While the lens is in a relatively poor state

384  during the 2018 2020 drought, its conditiois worseduring the drought of 20372039.This is

385 reflected insimulation S3Q1 bynuch highessalinities of the abstracted veatduring the latter

386 compared to the forméFigure5c).

387
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388
389  Figure 6.Results oimodelsimulationsfor rainfall scenarias(a) S1, (b) S2, (¢) S3. The lens volume
390 (Vy) is shown in red, whereby solid lines, dotted lines and dashed linfes,aespectively, the

391 abstractiorregimesof pumpingat the original design yiel@1), pumping redistributioQ2), and
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pumping restrictions based on aquifer response and occurrences of @igihe green line shows
theR. trend for the rainfall time series antegn shaded areas indicate warning periods Ries
25%).Light blue bars show pumpirfgr pumping regime Q@egative values) and dark blue bars

shown recharge rates (i.8g).

Postetal(2019 noted that the historical p/(reptheng regi me of the Bonri ki
il ens st otoingaeasedigubliyrabatedas a function @y, indicating that the stressed
system had not yet reachadew (dynamiq steady state. The assumed future rainfall scengarithe
current studyallow for an extended period of analysfsSEC andVi« trends relative to that of Post et

al. (2018) asshawn in Figure7. Thelens storageleficit appeas to level off in all rainfall scenariosat

least temporarilyin 2015,soonafter the 1948 June 2014 period csidered by Post et.gR018. In

rainfall scenariosS1 andS2, there is even a reversal of the trend, which indicates a phase of lens
recoverythatpersistswith a brief interruption during the years 20112021, until the2025drought

sets in. The wetter yeaf 2027 inrainfall scenaridSl leads to a brief paus# the increasepv;, while

gV; continues to increase unabated at a rate of approximatetyl@an®/yr in scenarids2. In rainfall
scenaridS3, there are no prolonged periods of high enough rainfall for the lens to recover, except for
the period 20237 2028and 2043 2044 when a slight decrease q¥/; can be observefir

simulations S3Q1 and S3QRigure7).
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Figure 7.Graph showing the pumpiign du c ed d e p | e\)iplotledversuisthe thtad
volume of pumped groundwateéYsgs ) for rainfall scenaris: (a) S1, (b) S2and (c) S3The last 27
years of the calibration period (192014) is also showrThe blue arrows mark the start of yems
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