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Abstract. Dry-season freshwater scarcity is a recurrent hazard on small tropical islands, where seasonal rainfall, limited
storage and tourism-driven demand coincide. We assess and reduce this risk for Si Chang Island, Thailand, with an integrated
15 framework that resolves inter-month storage carry-over across coupled sources. Connected catchment is estimated from a land-
use layer and satellite imagery, separating rooftop harvesting to household cisterns from watershed runoff to the reservoir—
pond-bank system, while tourism demand enters through an equivalent-resident formulation. Supply reliability is quantified
with reliability—resilience—vulnerability metrics under a downscaled CMIP5 ensemble, from which RCP4.5 is selected by bias
screening. A mixed-integer optimisation, extended to a two-stage robust formulation, sizes capacity against stochastic dry
20 years. Rooftop harvesting is the dominant source, and the present system is reliable but limited by small cistern capacity; under
projected demand a structural annual deficit renders the island supply- rather than storage-limited, so additional storage alone
cannot secure supply and harvestable catchment must expand. Critically, a design optimised on mean rainfall delivers markedly
lower reliability under realistic variability, and drought-robust sizing requires substantially more catchment. The framework

yields transferable, drought-robust design targets for small islands.

25 1 Introduction

Dry-season freshwater scarcity is a recurrent hazard on small tropical islands (Wohl et al., 2012). Limited catchment area,
small surface storage, thin and salinisation-prone aquifers, and isolation from mainland networks leave island supply highly
exposed, and these constraints are tightening as climate change shifts rainfall, raises sea level and intensifies extremes (Holding
and Allen, 2016; Imig et al., 2025; Seeboonruang et al., 2026; White and Falkland, 2010). The defining difficulty is temporal:
30 rainfall and runoff swing sharply between seasons, so wet-season abundance must be carried over to a dry season in which

demand is highest (Ault, 2016). The result is recurrent, often unplanned, shortage, with most Small Island Developing States

1



https://doi.org/10.5194/egusphere-2026-4005
Preprint. Discussion started: 24 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

below the 1,700 m?® per-capita water-stress threshold; tellingly, some islands hold adequate water in aggregate yet cannot
deploy it because storage, conveyance and the ability to quantify their own resources are lacking (Global Center on Adaptation,
2025; Intergovernmental Panel on Climate Change, 2021; Parker et al., 2023). Tourism intensifies the mismatch from the
35 demand side, since peak-season visitors and seasonal labour multiply the resident population and a visitor consumes more
water per day than a resident, so the demand peak coincides with the supply trough (Gossling et al., 2012; Pérez et al., 2020;
Srisuk et al., 2026).
Recent research underscores a global trend toward greater precipitation variability and heightened extremes. Mirzaei et al.
(2025) highlighted significant intensification of extreme precipitation events, stressing the importance of adaptive
40 infrastructure to manage these hydrological changes effectively. Similarly, Fiaz et al. (2025) noted that alterations in the South
Asian monsoon, characterized by increased unpredictability, present significant water management challenges for islands that
rely heavily on seasonal rainfall to sustain year-round water supply. The mismatch between seasonal rainfall availability and
actual water demand presents another critical vulnerability for island communities. While rainwater harvesting is widely
promoted as a resilience strategy, its effectiveness heavily depends on infrastructural, institutional, and policy-level
45 adaptations. Haider et al. (2023) emphasized that capturing increased seasonal rainfall could significantly alleviate water
deficits, yet its success is contingent upon proactive investment in adequate catchment and storage infrastructure. Likewise,
Mashhadi Ali et al. (2017) indicated that inflexible water management strategies exacerbate temporary shortages, underscoring
the need for adaptive management approaches to maintain stable water supply under fluctuating rainfall conditions.
Furthermore, broader ecological and socio-economic vulnerabilities compound these physical stressors. For instance,
50 ecological degradation and coastal infrastructure vulnerabilities further heighten islands’ sensitivity to climate impacts (Sealey,
2024). Socio-economic dynamics such as population density, behaviour, and economic dependency also shape water
vulnerability and adaptive capacity, necessitating a holistic approach to resilience-building that integrates both biophysical and
socio-economic dimensions (Birawida et al., 2021; Chen and Tang, 2024).
Most island water research nonetheless centres on groundwater — freshwater-lens dynamics, recharge and saltwater intrusion
55 under over-pumping and sea-level rise — or on desalination, which is energy-intensive and can itself promote intrusion. Islands
whose principal input is rainfall captured in surface storage, where seasonal storage and harvesting rather than lens
management govern security, are comparatively under-studied. For such systems, rainwater harvesting (RWH) is central, and
a substantial literature sizes storage for reliability and cost by water-balance simulation or by linear and mixed-integer
programming (Okoye et al., 2015; Semaan et al., 2020). A recurring but under-exploited result is that reliability is governed
60 jointly by storage and catchment — beyond a point, enlarging tanks yields diminishing returns while additional catchment can
substitute for storage (Semaan et al., 2020; Thomas and Martinson, 2007). Yet most studies size a single source under a
stationary climate, and island analyses that resolve rooftop harvesting, reservoirs, groundwater and imports within one
temporal balance remain scarce (Tanachaichoksirikun, 2026).
Two further elements are typically missing. Transient tourism demand, although large and counter-cyclical, is usually treated

65  asan external stressor rather than as a modelled term of the water balance (Gossling, 2001; Gossling et al., 2012). And although
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projecting future supply requires downscaled, bias-corrected climate output — simple water-balance reservoir models forced
by CMIP (Intergovernmental Panel on Climate Change, 2023) ensembles being a transparent route that consistently shows
multi-year droughts, not mean shifts alone, drive failures (Holmes et al., 2022) — the explicit screening of general circulation
models for engineering-appropriate scenarios is rarely formalised, and the migration from CMIP5/RCP to CMIP6/SSP remains
70 uneven (Dash et al., 2023; Guo et al., 2022).
Finally, performance and design are seldom brought together for these systems. The reliability—resilience—vulnerability (RRV)
framework remains the standard for judging supply performance, and design methods span deterministic optimisation through
two-stage stochastic and robust formulations that size capacity against uncertain futures (Hashimoto et al., 1982), with the
recurring lesson that systems optimised for mean conditions can be fragile under variability (Asefa et al., 2014; Beh et al.,
75 2017; Herman et al., 2015; Ortiz-Partida et al., 2019). These methods are mature for large basins and networks but are seldom
applied to small-island, multi-source village systems at monthly resolution with an explicitly measured harvestable inflow.
Each ingredient therefore exists in isolation, but they have not been combined. We are not aware of a study that, for a tourism-
exposed, fractured-rock small island, closes a physically consistent monthly multi-source water balance with storage carry-
over, drives it with a measured rather than assumed harvestable catchment and an embedded transient-demand term, and sizes
80 capacity through optimisation stress-tested against dry-year and multi-year-drought variability. Integrating these elements for
Si Chang Island, Thailand, this study contributes: (i) a measured estimate of connected harvestable catchment from a land-use
layer and satellite imagery, separating rooftop harvesting (to cisterns) from watershed runoff (to the reservoir—pond—bank
system); (ii) a two-subsystem monthly water balance with storage carry-over and an embedded tourism-demand term,
evaluated through RRV metrics under a downscaled CMIPS ensemble with formal bias screening; (iii) a mixed-integer
85 optimisation, extended to a two-stage robust formulation, that sizes least-infrastructure capacity against stochastic dry years;
and (iv) transferable findings, notably that under projected demand the system is supply- rather than storage-limited and that

mean-climate design substantially overstates achievable reliability.

2 Study area and input data
2.1 Location and land use

90 Si Chang Island (approx. 13°09’' N, 100°49" E) lies in the inner Gulf of Thailand about 36 km from Chonburi and spans a
mapped land area of 6.45 km?. Its terrain is predominantly mountainous and rocky — roughly 80 % rock — rising to the King
Chulalongkorn Mountain Peak (=192 m) in the north, and its elevation is unevenly distributed: about 67 % of the island lies
below 50 m, 26 % between 50 and 100 m, 6 % between 100 and 150 m, and only 1 % above 150 m (Figure 1). This combination
of limited flat land and geographic isolation constrains both groundwater development and freshwater management, and

95 underlies the island's reliance on rainfall capture. The island supports about 4,522 registered residents in 2,270 households
(Department of Provincial Administration, Thailand, 2024), and its building roofs fall predominantly within the
City/Town/Commercial class (Ul = 0.964 km?), which sets the denominator for the roof-area fraction (Table 1).
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Figure 1: Location of Si Chang Island. (modified from Seeboonruang et al. 2026, base data: Royal Thai Survey Department (RTSD)

100  Table 1. Measured land use of Si Chang Island from the project GIS layer (Land Development Department classification).

Land-use class Code Area (m?) Area (km?)
Deciduous forest F2 4,449,961 4.450
City, town, commercial Ul 963,663 0.964
Industrial land U5 419,024 0.419
Institutional land U3 164,130 0.164
Communication / utility U4 56,486 0.056
Mine, pit M3 120,669 0.121
Natural water body W1 244,701 0.245
Artificial water body (reservoir, ponds) w2 34,335 0.034
Built-up total (U1+U3+U4+U5) U 1,603,303 1.603
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2.2 Climate, rainfall and runoff

Monthly rainfall is derived from ten years for the period 2012-2021 of Thai Meteorological Department records (TMD, 2021).
The regime is strongly seasonal: a wet season from May to October contributes the bulk of the ~1,195 mm annual total (peaking
at 242 mm in September), while December—February is very dry (December ~10 mm) (Figure 2). Watershed runoff to the
105 reservoir is estimated from rainfall, the contributing watershed area (Aws = 268,878 m?) and a weighted runoff coefficient (Cyws

=0.31), giving an annual reservoir inflow of about 140,020 m°.

Monthly rainfall and water demand (10-year means)
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Figure 2: Monthly rainfall (10-year mean) and monthly water demand (current and future scenarios).
2.3 Storage infrastructure, groundwater, and external supply

110  Freshwater is held in four physically distinct stores (Figure 3 and Table 2). The main reservoir (83,000 m?) and four natural
ponds (29,744 m?) are fed by watershed runoff; a capsule water bank (3,400 m?) is filled by pumping from the ponds, which
lowers the pond level and pressure so that subsequent rainfall refills the ponds — the bank therefore effectively extends the
usable capacity of the pond system. The main-system capacity used in the balance is 83,000 + 29,744 + 3,400 = 116,144 m®; the cistern
subsystem is 5,650 m*. Separately, distributed under-house cisterns (5,650 m® in total) store rooftop rainwater at the household

115 level. Sustainable groundwater is limited to about 1,440 m* per month by the fractured-rock setting, and barged Provincial

Waterworks Authority (PWA) water can be delivered at up to about 1,500 m? per day.
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125

Figure 3: Water bank and Natural Water Pond in Si Chang Island

Table 2. Water-storage and supply inventory.

Store Source Capacity (m?) Role in model
Main reservoir Watershed runoff 83,000 Main system
Natural ponds (x4) Watershed runoff 29,744 Main system
Water bank Pumped from ponds 3,400 | Extends usable pond capacity
Household cisterns Rooftop harvest 5,650 Cistern subsystem
Groundwater Aquifer <1,440 / month Supplementary source
PWA import Mainland (barged) <1,500 / day External backstop

2.4 Population and water demand

Tourism is a significant driver of fluctuating water demand on Si Chang Island, largely because of the high proportion of short-
term and unregistered visitors. A visitor survey (Nusara, 2021) found that most tourists do not stay overnight: 55.39 % were
one-day visitors, 42.61 % stayed one to three days, and only 2.01 % stayed four to six days. To translate this transient
population into a demand equivalent, we estimate the Equivalent Monthly Visitors (EMV), which combines the annual number

of visitors with their average length of stay — taken as 1, 2 and 5 days for the three categories, respectively.

Water demand reflects both residents and the transient tourism population. From a visitor survey, annual visitors V are split
into fractions Py staying Ly days; the equivalent resident-persons added by visitors per month are
(Pyx14+P,x24+P;3x5)

= 1
EMV =V x 2% 30 (D
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which for V = 600,000 yr ' and stays of 1, 2 and 5 days (fractions 0.554, 0.426 and 0.020) gives EMV =~ 2,511 persons. Adding
130 transient labour (taken as ~50 % of EMV, =1,256 persons) to the residents yields a current water-using population of Py,; =
4,522 +2,511 + 1,256 = 8,289 persons; under projected population and tourism growth this rises to ~10,173. Monthly demand
is

D(t) = Ppoew, (£)d(t) (2)

with per-capita use wpy(t) of 0.12 m?* d™' in the dry season and 0.10 m* d™! in the wet season and d(t) the number of days in the
month. The resulting monthly demand (Table 3) is 24,867-29,840 m® at present and 30,519-36,623 m? in future — slightly
135  higher in the dry season, compounding the seasonal mismatch.

Table 3. Water-using population and monthly/annual demand. The current total is the sum of registered residents, equivalent
visitors (EMYV) and transient labour; the future total follows the demographic and tourism projection.

140

145

Population scenario

Residents

EMV

(visitors)

Labour

Total P,

Demand, dry

(m*mo™)

Demand, wet

(m*mo™)

Annual

demand (m?)

Current

4,522

2,511

1,256

8,289

29,840

24,867

328,244

Future (projected)

10,173

36,623

30,519

402,852

2.5 Roof catchment estimation

Because connected roof area is not mapped directly, it is estimated by two independent methods. The primary (household)
method scales the registered-household count by a building factor of ~1.2 (to include commercial, resort, institutional and
utility structures) and a mean roof footprint of 90 m? (range 70110 m?),

3
giving Aroor = 2.45 % 10° m? (1.9-3.0 x 10° m?). As a cross-check, roofs were classified from high-resolution Google Earth

Aroaf = Nbfroof

(Maxar/Airbus; pixel size 0.93 m) covering the entire eastern settlement (Figure 4). A conservative classifier capturing only
unambiguous bright roofs returns ~4.1 ha as a hard lower bound, and a permissive classifier that also admits dry-soil pixels
returns ~30.7 ha as an upper bound; the household estimate (24.5 ha) lies centrally within these bounds, and the implied roof
fraction of the U1 area (=0.25) is consistent with dense low-rise settlements. Direct GIS footprint digitisation is identified as a

route to tighter (£5 %) estimates.
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Figure 4. Satellite basis for roof-catchment estimation bounding the roof area. Imagery © Maxar Technologies / Airbus via Google
150 Earth.

3 Methods

The modelling chain converts the input data into a monthly water balance, evaluates supply reliability under climate scenarios,

and sizes capacity by optimisation, first deterministically and then robustly against stochastic dry years (Figure 5).
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INPUT DATA
Rainfall (10-year), Watershed runoff,
Storage inventory (reservoir, ponds, water bank, cisterns)
Groundwater, PWA

Population and Tourism Statistics

A

A

DEMAND MODEL

Equivalent visitors (EMV) --=> Monthly demand d(t)

N

HARVESTABLE INFLOW
Rooftop --> Cisterns

Watershed --> Reservoir

TWO-SUBSYSTEM MONTHLY WATER BALANCE

Storage carry-over (cisterns, Reservoir-pond-bank)

y

PERFORMANCE: Reliability-Resilience-vulnerability (RRV)

under CMIP5 ensemble+GCM bias screening (RCP4.5)

A

DETERMINISTIC OPTIMISATION (MILP)

Least-Infrastructure capacity design catchment-storage trade-off

y

STOCHASTIC RAINFALL GENERATION+ROBUST MULTI-YEAR (TWO-STAGE)

Design sizing against dry-year and multi-year drought

!

MONTE-CARLO EVALUATION (=1450 YEAR)

Long-run reliability, dry-year risk --> drought-robust design targets

155  Figure 5. Methodology flow chart, from input data through the two-subsystem water balance and RRV evaluation to deterministic

and robust capacity design.
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3.1 Harvestable inflow and storage architecture

Two physically separate subsystems are modelled, reflecting the island's plumbing. Distributed cisterns receive only rooftop
harvest,

Lroof (£) = Croop X1 X P(t) X Aroor 4)

160  with roof runoff coefficient Croor = 0.85 and collection efficiency n = 0.80. The main system (reservoir + ponds + water bank,

combined capacity 116,144 m?) receives the watershed runoff,

Lrun (£) = Cyps X P(t) X Ays + Ares X P(2) &)
with weighted Cys = 0.31 and Ays =268,878 m?, and 4,5 = 34,335 m? the open-water surface of the reservoir and ponds (class
W2, Table 1) that receives rainfall directly. Defining inflow as the water that actually reaches each store avoids conflating

gross island rainfall with harvestable supply.

165 3.2 Two-subsystem monthly water balance with carry-over

Demand each month is met in order — cisterns (own rooftop water) first, then the main system, then groundwater, then

imported PWA water — and each store carries over subject to its capacity:
Stank (t) = min {Vtankl maX[OVStank (t - 1) + Iraof (t) - Qtank(t)]} (6)
Smain(t) = min {Vmain- maX[O, Smain (t - 1) + Irun(t) - Qmain(t)]} (7)

Any volume above capacity spills; cistern spill quantifies rooftop water lost because household tanks are small relative to wet-

season inflow. The monthly shortfall that must be imported is
Def(t) = max{O, D(t) = Qeank(t) — Qumain(t) — M/gw(t)} ®)

170  The model is run over the repeating annual cycle to a periodic steady state.

3.3 Supply performance: reliability—resilience—vulnerability

A month is satisfactory if it requires no import (Def = 0 after groundwater). Reliability is the satisfactory fraction of months,
resilience the rate of recovery from failure, and vulnerability the mean shortfall during failures (Hashimoto et al., 1982):

Vul = Def (Def > 0) 9

1 N
Rel = —Z 1[Def (t) = 0] Res = L2k
N £ fail

This self-sufficiency criterion is appropriate for an island whose security is measured by independence from costly mainland
175  imports.
3.4 Deterministic optimisation and the catchment—storage trade-off

For the mean year, capacity is sized by a mixed-integer linear program in which a binary y(t) marks an import month and

Zy(t) < (1 —R*)N enforces areliability target R*. Decision variables are the additional catchment AA, (routed to the main

10
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system), additional storage AV, the monthly withdrawals, groundwater and import. To keep the framework transferable across

180 economies with different price levels, the objective minimises imported water rather than monetary cost,

minz Wiy (t) subject to Egs. (4t08),0 <S<V+ AV,Zy(t) <(1-R)N (10)
t t

and the catchment—storage trade-off is mapped by repeating the optimisation for a range of added storage. Reporting designs
in physical units (catchment area, storage volume, import days) avoids dependence on site-specific unit costs; the economic
choice along the trade-off is left to local prices.
In full, the program's decision variables are AAc, AV and, for each month t, the cistern and main withdrawals Qnx(t) and
185  Qmain(t), groundwater use Wew(t) < 1,440 m?, import We(t), and a binary y(t) flagging an import month; the objective
minimises Y, Wy (t). Constraints comprise the two carry-over mass balances (Eqs 6-7), the shortfall definition (Eq 8), the
storage bounds 0 < Sink < Viank and 0 < Siain < Vimain + AV, the groundwater and daily-import caps, the reliability constraint
Yey(®) < (1 —R*)N with R* = 0.9 and N = 12, and the big-M link Wey(t) < M-y(t). The trade-off of Figure 8 is traced by

solving this program over a grid of fixed AV and recording the minimum feasible AA .

190 3.5 Stochastic rainfall generation and robust design

Because a single mean year cannot represent dry-year risk, a Monte-Carlo generator produces monthly rainfall that preserves
the observed monthly means while imposing variability: each year is scaled by a lognormal annual factor (mean 1, inter-annual
CV = 0.20) and each month by an independent gamma multiplier (mean 1, CV = 0.35). The realised annual CV is =0.24, with
a 1-in-10 dry year near 860 mm. Robust capacities are sized on a continuous multi-year drought sequence — the lowest-rainfall
195 decade from a long synthetic record — so that carry-over across consecutive dry years is captured; the first-stage capacities
are common to all months while operations are month-specific over the 120-month horizon, with a sustainability constraint
(end storage > start storage). Each design is then evaluated out-of-sample by Monte-Carlo simulation over ~1,450 independent
years.
The Monte-Carlo sample size is justified by a convergence test (Table 8): the 95 % confidence half-width of the long-run
200 reliability estimate falls below 0.01 beyond ~500 years and is ~0.007 at the ~1,450 years used, so reported reliabilities are
precise to better than one percentage point. The water-balance, optimisation and Monte-Carlo code is released (see Code and

data availability).

3.6 Climate forcing and scenarios

Forcing uses a CMIPS5 ensemble (HadGEM-AO, CanESM2, MPI-ESM-LR) downscaled by a cascade-forward artificial neural
205 network. Rather than adopt one model a priori, the three members are first checked for downscaling skill and then screened
for selection. The calibration and validation correlations between downscaled and observed variables are uniformly high (Table
4), confirming that every member is downscaled with acceptable skill; these correlations, however, are not the basis for

choosing among models. Model selection for the design runs is instead made on annual-rainfall bias — the deviation of each

11
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member’s projected annual total from the observed 10-year mean (1,195.3 mm) — because it is the harvested water volume,

210 not the day-to-day correlation, that governs the supply balance. Applying this criterion across all members and scenarios (Table
5) disqualifies MPI-ESM-LR, which overestimates annual rainfall by +108 % to +148 % and would grossly oversize the
infrastructure. Both CanESM2 and HadGEM-AO fall within £10 % under RCP4.5 (+6.3 % and —2.8 %, respectively); between
them, HadGEM-AO is preferred for its dry-season fidelity — its downscaled hindcast of the 2012-2021 baseline decade
reproduces the critical early-dry-season months (baseline-decade hindcast vs observed: February 24.9 vs 21.8 mm; March 23.9

215  vs28.7 mm) and the monsoon peak, whereas CanESM2 carries a wet bias that overestimates July and underestimates January,
the month our analysis identifies as the bottleneck. RCP4.5 is retained as the policy-relevant intermediate pathway; as a
robustness check, CanESM2/RCP4.5 (the next-best member) was also run and left the qualitative conclusions unchanged.
CMIP5/RCP is retained for consistency with Thailand’s nationally adopted assessments and comparability with prior
downscaled basin studies; migration to CMIP6/SSP is identified as future work. Three scenarios are evaluated: S1 current

220 population and observed climate, S2 future population and historical climate, and S3 future population and the screened
RCP4.5 climate.
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Figure 6: Overall Process to Climate Change Evaluation. Imagery © 2026 Airbus via Google Earth.
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Table 4. Pearson Correlation Coefficients (R) in Each Parameter of Si Chang Island

Calibration Validation
Models Parameter
RCP2.6 RCP4.5 RCP8.5 RCP2.6 RCP4.5 RCP8.5
Temperature 0.8603 0.8611 0.8637 0.8499 0.8340 0.8250
9; Precipitation 0.8560 0.7981 0.7819 0.8800 0.7929 0.8196
é Humidity 0.7820 0.8173 0.7809 0.7738 0.8649 0.7847
E Wind Speed 0.7831 0.8207 0.8042 0.7965 0.8168 0.8007
Temperature 0.8526 0.8580 0.8495 0.8651 0.8279 0.8050
- Precipitation 0.8091 0.7970 0.8130 0.8447 0.8071 0.8021
E Humidity 0.8458 0.7849 0.7889 0.7951 0.8200 0.8668
g Wind Speed 0.7956 0.7995 0.7980 0.8350 0.8221 0.8337
Temperature 0.8340 0.8557 0.8471 0.8098 0.8505 0.8438
5, Precipitation 0.8030 0.7718 0.7894 0.8236 0.8596 0.8210
L% Humidity 0.7970 0.7864 0.7854 0.7047 0.7024 0.7048
EI- Wind Speed 0.7836 0.7910 0.7879 0.8271 0.7908 0.8363

225 Table 5. Projected annual rainfall of each downscaled GCM by scenario, with deviation from the observed 10-year mean (1,195.3
mm); an asterisk (*) marks the retained RCP4.5 projections, which fall within the £10 % engineering-acceptable band used for
model selection.

Model RCP2.6 RCP4.5 RCP8.5

CanESM2 1,381 (+15.5 %) 1,271 (+6.3 %)* 1,161 (—2.9 %)*
HadGEM-AO 997 (—16.6 %) 1,162 (—2.8 %)* 1,129 (-5.5 %)*
MPI-ESM-LR 2,485 (+108 %) 2,661 (+123 %) 2,966 (+148 %)

Future rainfall projections for Si Chang Island under the RCP 4.5 scenario using the HadGEM-AO model indicate that the
month of January will become the most critical period for water availability. While the historical 10-year average for January
230 is 56.8 mm, the 20-year projection (2026-2046) shows a sharp decline, averaging only 17.9 mm, representing a 68.5%
reduction. This projected reduction is the most significant among all months and poses serious implications for early-year
water stress (Figure 7).
Peak monsoon months (September and October) continue to show high rainfall, averaging 183.7 mm and 168.7 mm
respectively. The months of December to March demonstrate a consistent pattern of low rainfall. Under the 2026-2046
235 projection, February averages 27.5 mm, and March 50.5 mm; both may be insufficient to maintain continuous supply without
supplemental storage or alternative sources.
The projected annual average rainfall of 1,161.8 mm remains close to the historical value of 1,195.3 mm, suggesting that while
total volume may remain stable, temporal distribution will shift toward greater dry-season deficits. The diminished rainfall in
January not only increases dependency on stored or imported water but also underscores the importance of precisely timed

240 reservoir operations, demand-side management, and diversification of supply sources (Figure 7). Overall, these findings
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indicate that climate-resilient planning must prioritize bridging shortfalls in January and the broader December—March period,

which will increasingly become the bottleneck for year-round water security on small islands like Si Chang Island.

300.00
——Historical Avg (10-yr)
— = Predicted Avg (2026-2046)
250.00
200.00
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g
:‘5; 150.00
—
(=]
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Figure 7: Historical 10-year vs Projected Average Rainfalls under RCP4.5, HadGEM-AO model

245 4 Results
4.1 Demand, harvestable supply and the structural balance

At present the island must supply about 328,244 m® yr ! (Table 3). Against this, the two harvestable inputs are rooftop harvest,
with an annual potential of Croor X 1 X P X Aoor = 0.85 x 0.80 % 1.195 m x 2.45 x 10° m? ~ 199,120 m?, and watershed runoff
to the reservoir ~ 140,020 m?; sustainable groundwater adds at most 17,280 m* yr'. Rooftop harvest alone therefore exceeds
250 reservoir runoff, making distributed harvesting — not the reservoir — the dominant freshwater source. Under projected
demand (402,852 m? yr') the three local inputs sum to 356,420 m*® yr', leaving a structural annual deficit of 46,432 m? yr!

that no redistribution of storage can remove.

4.2 Baseline reliability

Routing these inputs through the two-subsystem balance (Table 6) shows that the present system is reliable (reliability 0.92,
255  resilience 1.00) but cistern-limited: about 25,000 m* of rooftop water spills each year because the 5,650 m* of household

cisterns are too small to hold the wet-season surplus, and only ~9 import-days per year are needed. Under projected demand
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reliability falls to 0.75 with three failure months, resilience drops to 0.33, vulnerability nearly doubles, and imports rise to ~49
days. The deterioration is driven by the structural deficit of Section 4.1, not by a lack of storage.

Table 6. Baseline water balance and RRV under the two-subsystem model

Scenario Rooftop used | Rooftop spill | Main system | Import (d | Reliability | Resilience | Vulnerability

(m® yr) (m® yr) (m® yr) yr) (m)
Current (P, 8,289) 173,987 25,134 140,020 9 0.92 1.00 12,798
Future (Pyo¢ 10,173) 185,291 13,830 140,020 49 0.75 0.33 24,407

260 4.3 Deterministic optimisation

Because the future deficit is structural, both storage-only programs — expanding cisterns or main storage with no new
catchment — are infeasible for reliability >0.9: storage redistributes water in time but cannot create it. Feasible designs must
add harvestable catchment, and the amount needed trades off against added storage (Figure 8). With no additional storage,
reaching reliability >0.9 on the mean year requires ~206,500 m? of extra catchment to cover the worst dry month directly;
265 adding 20,000 m* of storage to buffer the dry season lowers the requirement to ~93,600 m?, beyond which the curve flattens.
The trade-off is reported in physical units precisely because the economic balance between building catchment and building

storage depends on local prices, which differ widely between settings.

Catchment-storage trade-off for reliability >= 0.9

=@~ Deterministic (mean year)

200 A —@— Robust (long-run, dry years)

storage-only infeasible

180 A

160 4

140 4

120 A

100 4

Required additional catchment (x1000 m2)

L . 4

0 10 20 30 40 50 60 70
Additional storage (x1000 m3)

ie

Figure 8. Catchment-storage trade-off for reliability >0.9.
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270 4.4 Stochastic robustness

Evaluated across ~1,450 simulated years, a design sized on the mean year is far less reliable than it appears. For example, with
20,000 m?® of added storage the mean-year optimum of 93,600 m? of catchment — which meets reliability >0.9 on the mean
year — achieves a long-run reliability of only 0.83, fails the 0.9 target in most years, and is drawn down completely in the
driest years. Sizing on a multi-year drought instead, the same 20,000 m® of storage requires ~147,400 m? of catchment — about

275 57 % more (Table 7) — to deliver a long-run reliability of 0.90, and the full robust trade-off (Figure 8, upper curve) lies
consistently above the deterministic one. The gap between the two curves is the previously hidden cost of hydrological
variability, and it explains why deterministic island-supply assessments can be over-optimistic. The seasonal storage dynamics
underlying this robust design are illustrated in Figure 9, which traces the main-system storage over a representative operating
year: the reservoir fills through the September—October monsoon peak to near its 136,144 m?® capacity (the 116,144 m* base

280 plus the 20,000 m* of added storage), then draws down progressively through the December—April dry season to a minimum
in April before the wet season resumes, confirming that carry-over from the wet season is what sustains dry-season supply.
The contrast in long-run performance between the two designs is summarised in Figure 10, which shows that the mean-year
design fails the 0.9 target in most years whereas the robust design meets it.

Table 7. Mean-year (deterministic) versus robust design at a fixed added storage of 20,000 m®, evaluated out-of-sample by Monte-
285  Carlo simulation (1,450 years).

Design basis AAcat (M?) AV (m?) Long-run reliability Import (d yr™)
Mean-year (deterministic) 93,600 20,000 0.83 22
Robust (dry-year) 147,400 20,000 0.90 ~11

Reservoir operation under a robust design (future demand)
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Figure 9. Reservoir operation over a representative year under a robust design.
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295

Stochastic reliability of mean-year vs robust design
(same added storage 20,000 m3)

8 Mean-year design (long-run 0.83)
Robust design (long-run 0.90)

Probability density

0.0 0.2 0.4 0.6 0.8 1.0
Annual reliability (fraction of self-sufficient months)

Figure 10. Monte-Carlo distribution of annual reliability for the mean-year and robust designs at the same added storage.
Table 8. Monte-Carlo convergence of the long-run reliability estimate for the robust design (147,400 m?, +20,000 m?): the 95 %

confidence half-width of the long-run reliability estimate falls below 0.01 by =1,000 years (0.011 at 500 years, 0.008 at 1,000) and is
=0.007 at the =1,450 years used

N (years) 100 250 500 1,000 1,450 2,000 3,000 5,000
Long-run reliability 0911 0.896 0.907 0.905 0.902 0.908 0.899 0.898
95 % CI half-width 0.047 0.016 0.011 0.008 0.007 0.006 0.005 0.004

4.5 Sensitivity and uncertainty analysis

Because several inputs are estimated rather than directly measured, we tested how the two headline results — the structural
supply deficit and the drought-robust catchment requirement — respond to 10 % and +20 % variation in the five most
uncertain parameters: connected roof area, watershed runoff coefficient, transient-tourism demand, per-capita use and

sustainable groundwater yield, each varied one at a time (Figure 11).
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Sensitivity of headline results to +10% and +20% variation in each input (one-at-a-time)

(a) Structural annual deficit (b) Required drought-robust catchment
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H i
1 i
Roof area 1 _ Tourism demand - -
! :
i i
Runoff coefficient — Roof area 1 —
i |
i i
i i
Tourism demand - i Runoff coefficient [ |

] i
i i

Groundwater yield . Groundwater yield 4 | G

! | - +10%

Torpius = = deficit — T T T T T T r T T T T
—Zd) d 20 40 60 80 100 120 50 100 150 200 250 300 350
Deficit (x103 m3 yr-1) Catchment (x103 m2)

Figure 11. Sensitivity of the structural deficit (a) and the required drought-robust catchment (b) to £10 % (dark) and +20 % (light)
300 variation in each input (one-at-a-time); dashed line marks the baseline.

The structural annual deficit (Table 9) stays positive — the island remains supply- rather than storage-limited — under every
+10 % perturbation and under all £20 % perturbations except a —20 % reduction in per-capita use, the only case returning a
small surplus. Per-capita demand is therefore the pivotal assumption; roof area, runoff and tourism demand are moderately
influential, and groundwater yield negligible.

305 Table 9. Sensitivity of the future structural annual deficit (m* yr™'; baseline 46,432) to 10 % and +20 % variation in each input. The
island is supply-limited wherever the deficit exceeds zero.

Parameter -20 % -10 % +10 % +20 %

Per-capita use —34,138 6,147 86,717 127,002
Roof area 86,256 66,344 26,520 6,608
Runoff coefficient 74,436 60,434 32,430 18,428
Tourism demand 22,025 34,228 58,636 70,839
Groundwater yield 49,888 48,160 44,704 42,976

The required drought-robust catchment (Table 10) confirms per-capita use as the dominant control, though the intermediate

ordering shifts: tourism demand outranks roof area and runoff for the catchment requirement, whereas it ranks below them for

the deficit (Table 9). Both analyses identify metered per-capita consumption and a visitor-demand survey as the highest-value
310 data for reducing design uncertainty, consistent with the plausibility check in Sect. 4.7.

Table 10. Sensitivity of the required drought-robust catchment (m? at +20,000 m? storage; baseline ~148,100) to +10 % and £20 %
variation in each input, ranked most to least influential.

Parameter =20 % -10 % +10 % +20 %
Per-capita use 20,000 76,000 241,900 359,200
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Parameter —20 % -10 % +10 % +20 %

Tourism demand 103,000 124,700 173,600 201,700
Roof area 196,400 171,700 126,400 106,600
Runoff coefficient 182,600 165,300 130,800 113,600
Groundwater yield 149,600 148,700 147,600 147,000

The sensitivity baseline (148,100 m?) is the robust optimum re-evaluated on the independent Monte-Carlo sample used for
the one-at-a-time analysis. It differs from the 147,400 m? reported in Table 7 only through Monte-Carlo sampling variability
315 (<0.5 %): the two values are the same design optimum estimated from different finite stochastic samples, not different
quantities. All perturbations in Table 10 are referenced to this internally consistent baseline, so the relative sensitivities are

unaffected.

4.6 Effect of evaporation and seasonal tourism

Two processes omitted from the core balance were added and evaluated on the robust design (147,400 m?, +20,000 m?®; Figure

320 12 and Table 11). Open-water evaporation from the reservoir-pond surface (net =1,300 mm yr') was applied under a
conservative constant full-surface treatment and a realistic level-dependent treatment in which the evaporating area shrinks
with storage volume. The level-dependent treatment lowers long-run reliability from 0.90 to ~0.85 (=19,500 m?® yr ' lost), the
constant-area upper bound to ~0.79; because loss peaks in November—January when the reservoir is full — the water carried
into the dry season — even the milder estimate erodes early-dry-season storage. Concentrating tourism into the cool-season

325 and Songkran peaks (raising mean dry-season demand by =11 % and April demand by ~23 %) independently lowers reliability
to ~0.86, as the demand peak meets the supply trough. Acting together the two processes give =0.82, and restoring 0.90 requires
expanding the catchment to ~258,000 m?> — about 75 % above the baseline design. Both refinements reinforce, rather than
overturn, the supply-limited finding and confirm the reported capacities as conservative lower bounds.

Table 11. Long-run reliability of the robust design under open-water evaporation and seasonal (peak) tourism, relative to the core
330 balance (0.90).

Scenario Uniform tourism Seasonal (peak) tourism
No evaporation 0.90 0.86
Level-dependent evaporation (realistic) 0.85 0.82
Constant-area evaporation (upper bound) 0.79 0.78
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Figure 12. (a) Long-run reliability of the robust design under evaporation and seasonal tourism; (b) monthly net evaporation loss
(level-dependent) and the seasonal tourism-demand multiplier.

4.7 Plausibility check against field evidence

335 Inthe absence of a continuous metered record, the modelled behaviour is checked against independent field evidence. Si Chang
was declared Thailand's first drought-disaster district of 2023 (27 March 2023), during the December—April dry season that
the model identifies as the reliability bottleneck (Office of the National Water Resources, 2023). Emergency supply is delivered
by barge from the mainland — reported at about 2,000 m* per delivery, sufficient for roughly five days (=400 m® d!) —
corroborating the model's treatment of imported water as a costly, capacity-limited contingency; at acute shortage households

340 reportedly bought water at up to 250 THB per unit (Ministry of Interior, 2024). The reported service base of about 400 of 2,200
households is consistent with the registered count (2,270) (Department of Provincial Administration, Thailand, 2024) used
here, and provincial mitigation — additional water banks, reservoir rehabilitation and a proposed sub-sea pipeline from Si
Racha — mirrors the diversified storage-and-import architecture represented in the model. Local assessments further confirm
that the island is affected by dry-season shortage essentially every year (Srisuk et al., 2022). These correspondences provide

345 an observational plausibility check; a continuous metered record remains the priority validation dataset (Sect. 6).

5 Implications
5.1 Principal implications

Three implications follow directly from the results. Methodologically, deterministic mean-climate optimisation is
optimistically biased for island water security: at a fixed added storage it understates the required catchment by roughly 57 %,
350 and a design that appears to meet a 0.9 reliability target on the mean year delivers only about 0.83 over the long run. Reliability

claims for island systems should therefore be made on a stochastic, multi-year basis. In engineering terms, once demand grows
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the binding constraint is supply rather than storage: the structural annual deficit cannot be removed by any redistribution of
water in time, so additional harvestable catchment — not larger cisterns or reservoirs alone — is the decisive lever.
Economically, because barged imports impose a recurring burden, augmenting local catchment is attractive wherever import
355 costs are high, although the precise balance between investing in catchment and in storage is site-specific and is deliberately

left to local prices along the trade-off frontier (Figure 8).

5.2 Implementation pathway for Si Chang Island

The catchment expansion implied by the robust design need not be greenfield construction. The island already carries extensive
impervious roofs — 0.42 km? of industrial and 0.16 km? of institutional buildings (Table 1) — that are largely unconnected to

360 the supply system; routing a quarter to a half of this area to the reservoir—pond network through gutters, downpipes and short
conveyance lines would meet the robust target. Because the catchment-storage trade-off is continuous (Figure 8),
implementation can be incremental and adaptive: the largest roofs nearest the reservoir can be connected first to minimise
conveyance, with further connections staged as demand grows and as monitored reliability indicates, so the system moves
along the frontier rather than committing to a single large capital scheme.

365 Three accompanying measures matter for delivery. First, runoff from industrial and institutional surfaces requires first-flush
diversion and basic treatment before entering the potable reservoir, together with source control on the contributing roofs, so
that catchment expansion does not import contamination. Second, a modest storage complement is valuable: Figure 8 shows
that roughly 20,000 m® of added buffering — achievable by upgrading the existing pond and water-bank system, or in time
through managed aquifer recharge — substantially lowers the catchment that must be built. Third, at the household scale the

370 present loss of about 25,000 m?® yr! of rooftop water to cistern spill (Table 6) indicates that even small increases in distributed
cistern volume would recover usable water and complement the main-system expansion.

Finally, the robust, stochastic framing argues for adaptive management rather than a one-off design. Metering of supply and
demand, reservoir-level telemetry, and dry-season demand management — including for the tourism sector that drives the
seasonal peak — would allow the operating policy and the chosen design point to be revised as climate and demand evolve,

375 and would generate the validation data, metered consumption and reservoir levels, that the present study lacks. Embedding

such monitoring converts a static design into a living plan able to track the moving target that climate change represents.

5.3 Implications for small islands under climate change

Several findings are likely to generalise to other rainfall-and-reservoir small islands. The most consequential is that, under
demand growth and a drier or more variable dry season, the binding constraint shifts from storage to supply. Island adaptation
380 planning frequently defaults to enlarging reservoirs or cisterns, yet where annual harvestable inflow falls below annual demand
no amount of storage can close the gap. Recognising this reframes adaptation priorities towards augmenting harvestable
sources — connected catchment, managed recharge, and, where unavoidable, desalination — and towards demand

management, rather than storage alone (Global Center on Adaptation, 2025; Parker et al., 2023).
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The optimism bias of mean-climate design is a second, general caution. Adaptation infrastructure sized on average or single-
385 scenario rainfall will under-deliver reliability, and the shortfall widens precisely as climate change increases inter-annual
variability and the frequency of the multi-year droughts that drive island-supply failures (Holmes et al., 2022). Robust, multi-
year stochastic sizing — and the explicit screening of climate scenarios for engineering use adopted here — is therefore not a
refinement but a prerequisite for credible island adaptation, and it becomes more important, not less, under stronger warming.
A third lesson concerns accounting. Many islands appear water-secure in aggregate yet fail in practice because stocks and
390 fluxes are conflated and self-sufficiency is overstated (Global Center on Adaptation, 2025); the physically consistent, two-
subsystem accounting used here exposes the true balance and the dominance of distributed rooftop harvesting. That dominance
is itself encouraging, since decentralised harvesting is low-carbon relative to desalination, has no single point of failure, and
scales with the building stock — provided it is sized for drought rather than for the mean. The framework transfers readily to
other small islands, whereas the specific capacities reported here are particular to Si Chang Island and would be re-derived

395 from local land use, rainfall and demand elsewhere.

6 Limitations

Several limitations qualify these results, although none reverses the central conclusions. On the climate side, the stochastic
generator is stationary about the RCP4.5 monthly means: it reproduces realistic inter-annual and multi-year variability but not
trends in that variability or in dry-spell structure. Because climate change is expected to widen variability rather than narrow
400 it this assumption is conservative — it most likely understates, not overstates, the catchment required for robustness — and a
CMIP6/SSP forcing with non-stationary statistics is the natural next step. Two further simplifications act in the same direction.
The core water balance omits open-water evaporation and seepage as an explicit monthly loss; their magnitude is quantified
in Sect. 4.6, where including evaporation and a seasonal-tourism profile lowers reliability but confirms the reported capacities
as conservative lower bounds. Likewise, evaluation uses a single rule-based operating policy; a closed-loop or stochastic-
405 dynamic policy could extract more reliability from a given capacity, meaning the reported designs are an upper bound on the
infrastructure needed rather than a floor. A related point concerns the rainfall series used in the balance. The design runs are
driven by the historical 10-year monthly means rather than by the RCP4.5 projections, and are therefore a deliberately
conservative baseline: the projections indicate a marked drying of the early dry season — January falling by about 68 %, from
56.8 to 17.9 mm (Sect. 3.6) — which would deepen the dry-season deficit and so raise, not lower, the harvestable catchment
410 required for a given reliability. The capacities reported here should thus be read as lower bounds, and sizing directly on the
projected series is a priority for the next iteration.
The remaining limitations concern data rather than model structure and define the priorities for validation. Connected roof area
rests on a household-and-imagery estimate bracketed between independent lower and upper bounds; direct GIS footprint
digitisation, together with metered consumption and reservoir-level records, would tighten this central input and allow the

415 modelled reliabilities to be validated against observed import behaviour. The demand parameters — visitor stay lengths, the
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transient-labour fraction and per-capita use — derive from survey values and warrant a formal sensitivity analysis, since they
scale the demand that the system must meet. These are measurement refinements rather than structural gaps, and the qualitative
results — the dominance of rooftop harvesting, the structural supply deficit, and the optimism of mean-climate design — are

robust to plausible variation in them.

420 7 Conclusions

We presented an integrated assessment of dry-season water-scarcity risk for a tourism-exposed, fractured-rock island,
combining a measured harvestable-catchment estimate, a two-subsystem monthly water balance with storage carry-over, an
embedded tourism-demand term, RRV performance metrics under a downscaled climate ensemble, and a mixed-integer
optimisation extended to a robust, stochastic design.

425 Three findings stand out. First, when storage stocks and inflow fluxes are separated and routed through their actual plumbing,
rooftop harvesting — not the reservoir — is the dominant freshwater source, and the present system is reliable but constrained
by small distributed cistern capacity. Second, under projected demand the island faces a structural annual supply deficit,
making it supply- rather than storage-limited: additional storage alone cannot secure reliability, which instead requires
expanding harvestable catchment, plausibly by connecting existing industrial and institutional roofs. Third, optimisation on

430 mean rainfall is optimistically biased — an apparently adequate design fails in most years once realistic inter-annual and multi-
year-drought variability is imposed — so drought-robust sizing, which here needs about 57 % more catchment at a given
storage, is essential.

For Si Chang Island, the practical recommendation is to expand and connect rooftop or engineered catchment to the existing
reservoir under a drought-robust design target, rather than to enlarge household cisterns alone. Future work should adopt

435 CMIP6/SSP forcing, add open-water evaporation and managed aquifer recharge, validate against metered consumption and
reservoir-level records, and apply local unit costs to select the economically preferred point on the catchment—storage trade-
off.

Code and data availability

The land-use layer, rainfall records and storage inventory, together with the Python code for the water balance, optimisation
440 and Monte-Carlo analysis, are available from the corresponding author on reasonable request and will be deposited in a public

repository with a DOI upon acceptance.
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