MOHIO - AUAHA - TAUTOKO
UNDERSTAND - INNOVATE - SUSTAIN

Devel

oOopment
| nhsur ance
Sal vaj e,

O f a |
Product
Plh aSa&l 2a (

Prepared for:

AN

SAVE
THE
WAVES

COALITION

PO Box 151, Raglan 3225, New Zealand

info@ecoast.co.nz | www.ecoast.co.nz | +64 7 825 0087

eCoast
eTakutai

L



a eCoast PIP Oriente Salvaje: Phase 2

eTakutai

Devel opment of a F
Product f or Or 1| €
Sal valPdhors e 2

Report Status
Version Date Status Approved by
0.0 12/01/2026 Internal Draft JC
0.1 15/03/2026 Internal Draft EAA
0.2 26/03/2026 Internal Draft JC
0.3 26/03/2026 Internal Draft EAA
1.0 27/03/2026 | Draft for Client Review STM

It is the responsibility of the reader to verify the version number of this report.

Authors
Ed Atkin HND, MSc (Hons), PhD.
Joao Castro, MSc, CPENng (Env, Coastal)

The information contained in this document, including the intellectual property, is confidential and proprietary to
Ecological and Physical Coastal Consultants Limited (T/A eCoast). It may be used by the persons to whom it
is provided for the stated purpose for which it is provided, and must not be imparted to any third person without
prior written approval from eCoast. eCoast reserves all legal rights and remedies in relation to any infringement
of its right in respect of its confidential information. eCoast® 2026.




a eCoast PIP Oriente Salvaje: Phase 2

eTakutai

Contents

(7o) 01 =] 01 T PP [
[0 18 £ T PSPPSR PPPPPPPPPPPPPPPP ii
TADIES ... v
R [ o1 (0T ¥ Lot [0 o I PSP P PP PP PPPPPPPPPPPPPP 1
2 Metocean Data ANAIYSIS .....cccooieeeieeeee e 4
2.1 Timeseries Variables and COMPOSIES.........cooviiiiiiiiii e 5
2.2 Univariate ANAIYSIS .........couiiiiiiiiii 9
2.3 Multivariate ANAIYSIS.........couiiiiiiiiiiiii e 12
24 [ EY o 013 o o PN 14

3 SUIM A 17
4 FIoOd MOEIING ..o 28
4.1 Y11 T T £ PSP 28
4.1.1 Hydrological Model Configuration ..............ccccoeiiiieeiiiiic e 30
4.1.2 Hydraulic MOAEIING .....ccceeeieeeeeee e e e e e e eaaanes 30
4.1.3  Model ConfigUIatioN.........cccoiiiiiiiiies e e e e e e e e e eaaanes 30
4.1.4 Scenario DeVelOPMENL.........ooouiiiiiei e 31

4.2 RESUILS ..o 32
4.2. 1 VaAlOAUON ... 33
4.2.2  SENSIIVILY TESNG ..uuttuiii e i e e e e e e et e e e e eeeearnne 34

4.3 DISCUSSION .ttt e e e e ettt e e e e e e e e e e e e 42
4.3.1 Flood Modelling in Parametric Trigger Design............cccceeieeieeeiiiiiiiiiiiee e 43
4.3.2  LIMIEALIONS ...ttt e e et e e e e e e e e e e e e e e e 45
Discussion and RECOMMENTALIONS .........c.uuiiiiiiiieieiiiii et e e 49
RETEIBNCES ...ttt e e et e e e e e e e et e e e e e 52
Appendix A.  Event COmMPOSItE PIOTS...........uuuiiiiii e eeeeaaaees 53



a eCoast PIP Oriente Salvaje: Phase 2

eTakutai

Figures

Figure 1-1: Study site location map. Solid blue line showing El Salvador's border, dashed blue
lines are provinces, orange dashed line delineates Usulutan to the west and San Miguel to the
east, and the yellow line shows the districts of Jucuaran to the west and Chirilagua to the east.

Figure 2-1. Composite plot of IMERG precipitation, averaged over the AOI, with a 7-day
cumulative sum from the daily mean aggregate. Dashed black line: pre-impact composite
median. Black line: composite median. Blue shading: IQR. Red dot: maximum composite
median. Blue dot: maximum [QR............ouiiiii e 7
Figure 2-2: Composite plot of ECMWF aggregated daily mean wind speed, averaged over the
AOI. Dashed black line: pre-impact composite median. Black line: composite median. Blue
shading: IQR. Red dot: maximum composite median. Blue dot: maximum IQR. ................... 7
Figure 2-3: Composite plot of ECMWF aggregated daily mean sea level pressure (MSLP), of
the minimum within the AOI. Dashed black line: pre-impact composite median. Black line:
composite median. Blue shading: IQR. Red dot: minimum composite median. Blue dot:
YT a1 T T 1 P 8
Figure 2-4: Composite plot of maximum daily aggregation of a 24-hour moving mean of
ECMWEF wave height from a single offshore point. Dashed black line: pre-impact composite
median. Black line: composite median. Blue shading: IQR. Red dot: maximum composite
median. Blue dot: maximum TQR..... ...t 8
Figure 2-5: Univariate results. Comparison between Hit Rate and False Alarm Rate (FAR) with
data points coloured based 0N FL SCOE. .......ccooiiiiiiiiiii e 10
Figure 2-6: Multivariate results. Comparison between Hit Rate and False Alarm Rate (FAR)
with data points coloured based 0N FL SCOIE........ccooiviiiiiiiii e 14
Figure 2-7: Missed event counts using multivariate combinations. .............cccccceeeeeiieeeeeeinnn, 15
Figure 3-1: People count at Las Flores. Black line: raw people count. Shaded red: Lockdown
period. Shaded orange: travel restriction period. Green line: retained people counts. Orange
line: hourly average PeOPIE COUNL............uiiiiii e e e e e 18
Figure 3-2: Normalised probability density of cumulative people counts plotted against wave
height statistics with upper and lower percentiles of cumulative density (5" and 95" red dashed
lines and 15 and 99" red dotted INES). .......c.eeiiviee et 20
Figure 3-3: Normalised probability density of cumulative people counts plotted against wave
period statistics with upper and lower percentiles of cumulative density (5" and 95" red dashed
lines and 15 and 99" red dotted INES). ........eeiiveee ettt 21



a eCoast PIP Oriente Salvaje: Phase 2

eTakutai

Figure 3-4: Normalised probability density of cumulative people counts plotted against wave
direction statistics with upper and lower percentiles of cumulative density (5™ and 95™ red
dashed lines and 15 and 99" red dotted lINES). .........ccvveivieiieiieiiece e 22
Figure 3-5: Normalised probability density of cumulative people counts plotted against wind
speed (left) and direction (right) statistics with upper and lower percentiles of cumulative
density (5th and 95th red dashed lines and 1st and 99th red dotted lines). ............ccccvvvenn.. 23
Figure 3-6: Normalised people count (blue bars), normalised significant wave height filtered
with the logic for surfable conditions (black: outside surfable thresholds; orange line:
constrained to 1%t and 99" percentile thresholds; green line: constrained to 5" and 95"
percentile thresholds), impactful events (red patches), and covid lock down (light pink patch)

and restricted travel (cream patch) Periods. ... 24
Figure 3-7: Focussed view of Figure 3-6 for storm event Gert...........cccvvvvvveveiiviiiiiiiiieeinnne. 24
Figure 3-8: Focussed view of Figure 3 6 for storm event MitCh. ...........ccccvvvviiviiiiiiiiiiiiinnne. 24
Figure 3-9: Focussed view of Figure 3 6 for storm event Adrian..............ceevvveieiieeiiiiiiiinnnne. 25
Figure 3-10: Focussed view of Figure 3 6 for storm event Stan.............ccccvvvvevvvieeiieeiiieennne. 25
Figure 3-11: Focussed view of Figure 3 6 for storm event Ida. .............coevvvveeiiiiiiiiiiiiiiiennnne. 25
Figure 3-12: Focussed view of Figure 3 6 for storm events Amanda and Cristobal. ............ 26
Figure 3-13: Focussed view of Figure 3 6 for storm event Eta..........cccooooeevvviviiiiiienieeeeeeninns 26
Figure 3-14: Focussed view of Figure 3 6 for storm event Julia...............ccccovvvvieieiieereeennnn, 26
Figure 3-15: Focussed view of Figure 3 6 for storm event Alberto............cccccccvvieeeiieenninn, 27
Figure 3-16: Focussed view of Figure 3 6 for storm event FIOSSI€. ..........cccvvvvvviiiiiiieeeeeciinn, 27

Figure 4-1: Elevation map of eastern El Salvador showing major catchment boundaries
draining toward Las Flores, Punta Mango, El Carrizal, Brazo El Zapote. Elevation derived from
SRTM (30 m), highlighting steep volcanic terrain transitioning to a narrow coastal plain. .... 29
Figure 4-2: HEC-RAS 2D model domain configuration for the Oriente Salvaje study area,
showing the wide coastal grid, internal inflow boundary locations for the four catchments,
refined 2D flow areas along river corridors and floodplains, and the downstream coastal stage
boundary representing tidal and sea-level conditions. ..............cccoceiiiiieiiiiiiii e, 31
Figure 4-3: Modelled flood extent and water depths at Punta Mango under compound extreme
rainfall and elevated coastal water levels, illustrating rainfall-dominated fluvial flooding

consistent with observed flooding and infrastructure damage during Tropical Storm Alberto.
Figure 4-4: Modelled coastal inundation extent and water depths at Las Flores under elevated

coastal water levels, illustrating tidal coastal flooding consistent with observed inundation

during large tidal events on 28 April 2025. .........oooiiiii e 34



a eCoast PIP Oriente Salvaje: Phase 2

eTakutai

Figure 4-5: Overview of modelled flood extents in the AOI under the Tropical Storm Alberto +
HAT scenario. The output highlights four primary areas for assessment: Punta Mango, Las
Flores, El Carrizal, and Brazo El Zapote. ........ccooi i 35
Figure 4-6: Maximum simulated flood depth for Event G2 (Alberto-type upper-bound rainfall
combined with HAT and storm surge) at Punta Mango. Depths are shown in metres.......... 36
Figure 4-7: Maximum simulated flood depth for Event G2 (Alberto-type upper-bound rainfall
combined with HAT and storm surge) at Las FIOres.. ..., 37
Figure 4-8: Maximum simulated flood depth for Event G2 (Alberto-type upper-bound rainfall

combined with high astronomical tide and storm surge) at El Carrizal. Depths are shown in

Figure 4-9: Comparative flood extent and maximum depth for Event G2 across Las Flores
(left), Brazo El Zapote (centre), and El ESterdn (fight).. ........ccoeiiiiiiiiieiieeiiiieceee e 40
Figure 4-10: Maximum simulated flood depth for Event G2 (Alberto-type upper-bound rainfall
combined with HAT and storm surge) at Brazo El Zapote.. ... 41

Figure 4-11: Maximum simulated flood depth for Event G2 at Brazo El Zapote (localised view)..

........................................................................................................................................... 41
Tables

Table 2-1: Extreme events downgraded from level 3............ccooooeiiiiiiiii e, 5

Table 2-2: Metocean variables and AerVALIVES. .........vieiiriiiie e aees 6

Table 2-3: Filtered univariate results. PI: Pre-Impact. xHmedian. 0 :standard deviation. Pn:
PEICENTIE. ...ttt ettt ettt ettt ettt et ettt e et et e e e e eaees 11
Table 3-1: Lower and upper people count percentile-based thresholds for metocean statistics.
Include both 15/99™ and 5M/95™ PErCentiles. ........coveiiueieiiee e 23
Table 4-1: Coastal boundary condition tyPe. ........cooiiiiiiiiiiiiicii e 32
Table 4-2: Conceptual Rainfalli Coastal Water Level matrix showing flood impact levels across
rainfall (RO R2) and coastal stage (TOi T2) scenarios. Impact categories represent relative

SN VL= 111725 45



a eCoast PIP Oriente Salvaje: Phase 2

eTakutai

1 Introduction

eCoast has been engaged by Save The Waves Coalition (STW), in partnership with WTW
(Willis Towers Watson), to assist in developing a Parametric Insurance Product (PIP) tailored
to address the loss of income to surf-based economies based on inclement metocean
conditions. The case study for the development of this Pl is the surf-based economy of the

Oriente Bal Wal e East o) r egi ontwamirlfterngtionaly eehowreed o r .

surf breaks associated with the area: Las Flores and Punta Mango (Figure 1-1). The presence
of these surf breaks contributed to Oriente Salvaje becoming a World Surfing Reserve (WSR)
in 2024.

Phase 1 of this work included details of the environmental setting, a review of PIPs, hazard
and extreme events, and the availability of meteorological and geophysical datasets. These
data were analysed, and a significant effort was put into validating global hindcast models of
meteorological data with locally recorded data, which was not forthcoming. In Phase 1, a
preliminary characterisation of the surf breaks of Las Flores and Punta Mango was undertaken
to better understand the resources on which the local economy is based. Lastly, Phase 1
identified information and data gaps that may hinder the development of a comprehensive

PIP. The main considerations and recommendations stemming from Phase 1 were that:

I There is a lack of reliable, recorded, site-specific data and the long-term hindcast
datasets fail to resolve minima/maxima values associated with extreme events,
resulting in poor relationships between measured and modelled data.

1 A local terrestrial weather station or ocean-based data collection platform would
provide data for metocean phenomena monitoring, and importantly, start to build a
baseline of conditions. From reliable, local measurements, meaningful relationships
could be established with long-term datasets. The aim would be to record precipitation,
wind speed, atmospheric pressure, wave conditions and water level, with confidence
and adequate temporal resolution.

9 This desktop-based, preliminary, or initial characterisation of surf breaks lays the
foundation for both stakeholder consultation and directs the course for detailed studies,
should they be required. Stakeholder consultation is imperative to undertaking detailed
characterisation.

1 The study site is subject to coastal flooding, which is complex. Not every extreme event
will coincide with large tidal ranges, large waves or long-period waves, or result in
strong shoreward-driven winds. Extreme events dominated by precipitation (no/low
storm surge) can still cause landslides and flash floods, and coastal inundation can still

occur without precipitation.

Th
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Figure 1-1: Study site location map. Solid blue line showing El Salvador's border, dashed blue lines are
provinces, orange dashed line delineates Usulutan to the west and San Miguel to the east, and the yellow line
shows the districts of Jucuaran to the west and Chirilagua to the east.

Following the review of Phase 1, the following key points were discussed:

1 Site-specific, recorded data is not available. It was queried whether the development
of the PIP can proceed (i.e. Phase 2) without validation of primary datasets. WTW
noted that validation provides confidence, but depending on the datasets being used,
it is not considered to be a constraint. It was decided that the development of the PIP
concept can continue in parallel to efforts in addressing the dataset deficit.

1 The timeframes for PIP payouts vary from 24 hours (earthquake) to 51 7 days for most

weatherrbased products; some products use mont hl

validation. It was noted that the timing
and local context.

1 The concept of surfability forming part of a trigger rather than metocean phenomena
alone was tabled, with a focus on how surfability affects local actors (photographers,
hospitality, accommodation, etc.). It was considered innovative and drew parallels with
other insurance products, such as snowfall. Ideas around a traffic light system for

surfability were discussed. It was noted from a concurrent surfonomics study for the El
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Cuco area that, unlike some surf destinations, the majority of surfers would not visit
the region if the surf conditions were poor.

9 The PIP could be based on a single or composite index. This could consider surfability
(wave quality, access), terrestrial flooding (precipitation, runoff) and/or coastal
inundation (wave and wind setup). These phenomenal/situations can overlap, and joint
probability modelling could be used to identify trigger thresholds. However, it was
advised that at this stage, with a view to creating a Minimal Viable Product (MVP),
single indices over composites should be the focus. The reason is that single index-
based products are more market-ready, and composites are not as commercially
digestible. It was noted that, in further development of the PIP, a composite index could
remain the long-term goal.

T WTWb6s next steps were to compile a risk rer
sources and validation approaches for El Salvador; a framework for integrating rainfall

and surfability metrics; examples of trigger design and payout calibration.

Thi s report, Phase 2 of eCoastods contri-bution
processing of the compiled metocean datasets outlined in Phase 1 to provide metrics from
which trigger values may be established; an investigation into the role of storm surge and Sea

Level Rise (SLR) on flooding events, and development and testing of a surfability index.
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2 Metocean Data Analysis

In Phase 1 (Atkin and Castro, 2025), long-term meteorological datasets were compared to in-
situ recorded data. While no significant relationships were established, feedback from WTW
indicated that the PIP index does not have to be based on a validated dataset. The long-term
datasets replicate seasonal patterns very well, and a compilation plot of Tropical Storm
Amanda exhibited:

1 A distinct peak in the NCEP wind speed data, while the other datasets, including the
weather stations, do not.

T NCEP and ECMWF (ERA5-LAND) show the largest peaks in daily cumulative
precipitation, and MERRA and IMERG also show increases, with the latter being days
after the NCEP peak.

1 NCEP shows a decrease in atmospheric pressure coincident with wind speed and
precipitation peaks. The maximum NCEP decrease is comparable to the IBTraCS
minimum pressure. An increase in sea level anomaly is also coincident with wind
speed and precipitation peaks, and the atmospheric pressure trough.

1 Coincident significant wave heights increase and mean wave period decreases.

Analysis of a coastal inundation event did not exhibit a distinct peak in wind speed or
precipitation, but did exhibit a positive sea level anomaly, and a pronounced increase in
significant wave height and very high mean wave period. Phase 1 concluded that the dataset

compilations may be used to characterise past events.

In this section, the compiled datasets of all catalogued events will be considered against the
long-term datasets to determine potential trigger values, and subsequently, a frequency of
occurrence (back-tested). The trigger metrics will also be considered in multivariate analysis
(i.e. out of isolation) to determine if a trigger mechanism is more robust when considering more

than one parameter.

Phase 1 provided a catalogue of extreme events, with a subset of events considered to have
impacted Oriente Salvaje directly. The events were assigned a combined
significance/confidence rating or level. Confidence refers to the reliability of the data source,
and significance is related to the reported impact on the AOI; levels range from 0 to 3. Those
events that are unnamed/unknown and have no reported impact on the region are rated level

0; those that are named events and resulted in direct impacts on the region are rated level 3.

A total of 16 level 3 events were originally assigned in Phase 1. For this work, 5 of those level
3 events were downgraded due to either their irrelevance to hurricane-based impacts and/or

reassessed confidence (Table 2-1).
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Table 2-1: Extreme events downgraded from level 3.

Date Name Saffir Simpson
Now2024 Unknown Unknown
Apr-2025 Coastal Hazard Unknown
May-2025 Storm Unknown
Juk2024 Intense afternoon storm | Unknown
May-2015 Storm Surge Unknown

2.1 Timeseries Variables and Composites

Phase 1 introduced a range of metocean data sources and variables. These variables were
aggregated daily and processed to construct derivatives or products. This work used both
point source and spatial datasets (multiple points covering the AOI). For spatial datasets, both
the spatial mean and maximum were considered at each point in time. Aggregation included
both mean and maxima. The variables and derivatives that were considered for further
analysis totalled 62 and are provided in Table 2-2. Each aggregate daily set was also
processed to construct a daily climatology over the long-term record, excluding the 11 known

events.

For each of the 11 events, the storm track was analysed to determine when the storm centre
was closest to the AOI. This point in time was used as the central impact time. For each of the
events, the 62 variables were extracted in a 15-day window (impact day +7 days), creating

event-based composites. For each event composite the following were calculated

Median and mean, with peak/trough values

Interquartile Range (IQR): 25" and 75™ Percentile; with peak/trough values

Median pre-impact metrics (2-4 days before impact) of the median, standard deviation
(STD; @), and mean absolute deviation (MAD).

Appendix A contains composite plots for all variables and derivatives. Figure 2-1 through
Figure 2-4 present examples of the composites for each of the variable types: precipitation,
pressure, wind speed and wave heights. The metrics derived from these composites are used

to construct the thresholds for use in the univariate and multivariate analysis.
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Source Type Spatial Timeframe Metric Source Type Spatial Timeframe Metric
ECMWEF MSLP AOI mean 1 Day Mean NCEP MSLP AOI mean 1 Day Mean
ECMWEF MSLP AOI mean Drop 24 Max NCEP MSLP AOI mean Drop 24 Max
ECMWEF MSLP AOI min 1 Day min NCEP MSLP AOI min 1 Day min
ECMWEF Precipitation | AOI max 1 Day Max NCEP Precipitation | AOI max 1 Day Max
ECMWEF Precipitation | AOI max 3 Day Max NCEP Precipitation | AOI max 3 Day Max
ECMWEF Precipitation | AOI max 5 Day Max NCEP Precipitation | AOI max 5 Day Max
ECMWEF Precipitation | AOI max 7 Day Max NCEP Precipitation | AOI max 7 Day Max
ECMWEF Precipitation | AOI mean 1 Day Mean NCEP Precipitation | AOl mean 1 Day Mean
ECMWEF Precipitation | AOI mean 3 Day Mean NCEP Precipitation | AOl mean 3 Day Mean
ECMWE Precipitation | AOI mean 5 Day Mean NCEP Precipitation | AOl mean 5 Day Mean
ECMWE Precipitation | AOI mean 7 Day Mean NCEP Precipitation | AOl mean 7 Day Mean
ECMWE S. Pressure | AOI mean 1 Day Mean NCEP Wind Speed | AOI max 1 Day Max
ECMWEF S. Pressure | AOIl mean Drop 24 Max NCEP Wind Speed | AOI mean 1 Day Mean
ECMWE S. Pressure | AOI min 1 Day min NCEP Wind Speed | AOI mean Moving 12h | Max
ECMWF Wind Speed | AOI max 1 Day Max NCEP Wind Speed | AOI mean Moving 24h | Max
ECMWF Wind Speed | AOI mean 1 Day Mean MERRA Precipitation | AOI max 1 Day Max
ECMWF Wind Speed | AOI mean Moving 12h | Max MERRA Precipitation | AOI max 3 Day Max
ECMWF Wind Speed | AOI mean Moving 24h | Max MERRA Precipitation | AOI max 5 Day Max
IMERG Precipitation | AOI max 1 Day Max MERRA Precipitation | AOI max 7 Day Max
IMERG Precipitation | AOI max 3 Day Max MERRA Precipitation | AOl mean 1 Day Mean
IMERG Precipitation | AOI max 5 Day Max MERRA Precipitation | AOl mean 3 Day Mean
IMERG Precipitation | AOI max 7 Day Max MERRA Precipitation | AOl mean 5 Day Mean
IMERG Precipitation | AOl mean 1 Day Mean MERRA Precipitation | AOl mean 7 Day Mean
IMERG Precipitation | AOl mean 3 Day Mean MERRA Wind Speed | AOI mean 1 Day Max
IMERG Precipitation | AOl mean 5 Day Mean MERRA Wind Speed | AOI mean 1 Day Mean
IMERG Precipitation | AOl mean 7 Day Mean MERRA Wind Speed | AOI mean Moving 12h | Max
ERASWAVE | SHWW PT 24h Max MERRA Wind Speed | AOI mean Moving 24h | Max
ERASWAVE | SHWW PT 1 Day Max MERRA Wind Gusts | AOI max 1 Day Max
ERASWAVE | SHWW PT 1 Day Mean MERRA Wind Gusts | AOI max Moving 12h | Max
ERASWAVE | SWH PT 24h Max MERRA Wind Gusts | AOI max Moving 24h | Max
ERASWAVE | SWH PT 1 Day Max ERASWAVE | SWH PT 1 Day Mean
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Figure 2-1: Composite plot of IMERG precipitation, averaged over the AOI, with a 7-day cumulative sum from the

daily mean aggregate. Dashed black line: pre-impact composite median. Black line: composite median. Blue
shading: IQR. Red dot: maximum composite median. Blue dot: maximum IQR.
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Figure 2-2: Composite plot of ECMWF aggregated daily mean wind speed, averaged over the AOI. Dashed black
line: pre-impact composite median. Black line: composite median. Blue shading: IQR. Red dot: maximum
composite median. Blue dot: maximum IQR.
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Figure 2-3: Composite plot of ECMWF aggregated daily mean sea level pressure (MSLP), of the minimum within

the AOI. Dashed black line: pre-impact composite median. Black line: composite median. Blue shading: IQR. Red
dot: minimum composite median. Blue dot: minimum IQR.
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Figure 2-4: Composite plot of maximum daily aggregation of a 24-hour moving mean of ECMWF wave height from
a single offshore point. Dashed black line: pre-impact composite median. Black line: composite median. Blue
shading: IQR. Red dot: maximum composite median. Blue dot: maximum IQR.
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2.2 Univariate Analysis

Thresholds for event detection were constructed using the composite metrics and long-term
percentiles. Thresholds using event metrics were tested using multipliers. Thresholds
included:

90" and 95™ Percentile exceedance.
Pre-impact composite median + pre-impact composite standard deviation (STD),
across STD multiplies of 0.5, 1, 1.5, and 2.

1 Pre-impact composite median + pre-impact mean absolute deviation (MAD), across
MAD multiplies of 1, 2, and 3.

The result is a set of 558 individual tests. Thresholds for pressure variables were inverted (e.g.
the 5" percentile as opposed to the 95" percentile). The thresholds were looped over the long-
term data sets of all variables, with a 30-day buffer around the first and last known impactful
events. For each variable, the following metrics were calculated, with an assessment of
contiguous bursts? of threshold exceedance across a 4-day window (event-based as opposed

to individual days):

T True Positive: a detected burst overl apping
9 False Positive: a detected burst overlapping no known event.

9 False Negative: a known event with no detected burst.

From these metrics, the following were calculated: the Hit Rate (% of known events detected),
False Alarm Rate (FAR: % of non-events wrongly triggered), Precision (how often the model
is correct), F1 Score (balanced metric combining Precision and Hit Rate) and the average

number of false alarms per year (FA/YTr).

Figure 2-5 compares the Hit Rate against FAR, with the F1 Score. In general, Hit Rates are
high when FAR is high. All univariate variable types (daily or derivatives) achieved a 100% Hit
Rate under one of the thresholds, with the variable type dominated by precipitation. These Hit
Rates are traded against high FAR, False Positive, and the number of false alarms per year

values.

The variable-trigger combination with the best F1 Score was NCEP Precipitation, taking a
mean value in the AOI, deriving a 3-day cumulative sum, and aggregating to a daily mean,
using a threshold of the pre-impact composite median + pre-impact composite MAD with a

multiple of 3. The Hit Rate was ~55%, identifying 6 out of 11 known events, 32 FPs, resulting

!Days that didnoét not trigger but flanked by daily tr

9
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in 1.0 FA/Yr. The AOI maximum of NCEP Precipitation and aggregated to a daily maximum
performed similarly.

The best performing percentile-based threshold was NCEP Precipitation, taking a max value
in the AOI, deriving a 7-day cumulative sum, and aggregating to a daily maximum, using a
threshold of the 95" percentile based on historical data (excluding the known events). The Hit
Rate was ~73%, identifying 8 out of 11 known events, 90 FPs, resulting in 2.8 FA/YT.
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Figure 2-5: Univariate results. Comparison between Hit Rate and False Alarm Rate (FAR) with data points
coloured based on F1 Score.

For use in multivariate analysis, the univariate results were filtered based on those variable-
threshold combinations with a Hit Rate of 70% or greater. For each of the data
sources/providers, the top-ranked variable-threshold combinations based on Hit Rate, FAR,
Precision, Flscore, and FA/Yr were retained. The best performing single-day and multiday
derivations based on F1 Score were also retained for each data source/provider. The 33
filtered variable-threshold combinations and their performance metrics are presented in Table
2-3. For IMERG variable-threshold combinations, the total number of events was limited to 9,
as the dataset did not extend far enough for the first event and was not available at the time

of data acquisition for the last event in the series.
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Table 2-3: Filtered univariate results. PI: Pre-Impact. xHnedian. { standard deviation. P,: Percentile.
Dataset Variable Threshold Type | Threshold | TP | FN | FP Rj:e FAR | Precision S(I::olre FA/Yr
ECMWF Precip AOI Mean 7 Day Mean Pl x4 MAD x 3 122.01 10| 1 | 105 | 0.909 | 0.913 0.087 0.159 3.289
ECMWF Precip AOI Max 7 Day Max Pl x STD x 2 122.28 11 | 0 | 126 | 1.000 | 0.920 0.080 0.149 3.946
ECMWF Precip AOI Max 7 Day Max Pos 146.25 8 | 3 |93 | 0727 | 0.921 0.079 0.143 2.913
ECMWF Precip AOI Mean 5 Day Mean Pos 98.73 9 2 | 114 | 0.818 | 0.927 0.073 0.134 3.570
ECMWF Precip AOI Mean 3 Day Mean Pl x4 MAD x 3 77.96 9 2 | 122 | 0.818 | 0.931 0.069 0.127 3.821
ECMWF Precip AOI Mean 1 Day Mean Pl x4 MAD x 3 39.89 9 2 | 138 | 0.818 | 0.939 0.061 0.114 4.322
ECMWEF | Wspd AOI Mean Moving 12h Max Pl x4 MAD x 3 4.61 7 | 4 209 0.636 | 0.968 0.032 0.062 6.546
ECMWF MSLP AOI Mean 1 Day Mean Pgo 1009.50 7 | 4 |445| 0.636 | 0.985 0.016 0.030 | 13.937
NCEP Precip AOI Max 3 Day Max Pl X1 STD x 2 115.26 7 | 4 | 60 | 0.636 | 0.896 0.105 0.180 1.879
NCEP Precip AOI Mean 5 Day Mean Pl X1 STD x 2 90.09 9 2 | 88 | 0.818 | 0.907 0.093 0.167 2.756
NCEP Precip AOI Max 1 Day Max Pl xi MAD x 3 58.30 7 | 4 | 70 | 0.636 | 0.909 0.091 0.159 2.192
NCEP Precip AOI Max 7 Day Max Pl xi MAD x 3 166.46 8 | 3 |82 | 0.727 | 0.911 0.089 0.158 2.568
NCEP MSLP AOI Mean 1 Day Mean Pl xi MAD x 3 1009.10 7 | 4 1191 | 0.636 | 0.965 0.035 0.067 5.982
NCEP Precip AOI Max 1 Day Max Pgo 18.86 11| O | 566 | 1.000 | 0.981 0.019 0.037 | 17.727
NCEP Wspd AOI Mean Moving 24h Max Pl X1t STD x 2 6.41 9 2 | 653 | 0.818 | 0.986 0.014 0.027 | 20.451
MERRA Precip AOI Mean 7 Day Mean Pl xi MAD x 3 148.65 9 2 | 151 | 0.818 | 0.944 0.056 0.105 4.729
MERRA Precip AOI Mean 7 Day Mean Pl xg STDx 1 117.21 11 | 0 | 222 | 1.000 | 0.953 0.047 0.090 6.953
MERRA Precip AOI Mean 3 Day Mean Pos 92.62 9 2 | 199 | 0.818 | 0.957 0.043 0.082 6.233
MERRA Precip AOI Mean 5 Day Mean Pao 102.04 10 | 1 | 228 | 0.909 | 0.958 0.042 0.080 7.141
MERRA Wspd AOI Mean 1 Day Mean Pos 7.26 7 4 | 274 | 0.636 | 0.975 0.025 0.048 8.581
MERRA Precip AOI Mean 1 Day Mean Pl xi MAD x 3 30.82 10 | 1 | 450 | 0.909 | 0.978 0.022 0.043 | 14.094
IMERG Precip AOI Mean 5 Day Mean Pl xi MAD x 3 225.98 7 2 77 | 0.778 | 0.917 0.083 0.151 2.412
IMERG Precip AOI Mean 3 Day Mean Pl xi MAD x 3 175.32 7 2 79 | 0.778 | 0.919 0.081 0.147 2.474
IMERG Precip AOI Mean 7 Day Mean Pl xit MAD x 3 269.90 7 2 82 | 0.778 | 0.921 0.079 0.143 2.568
IMERG Precip AOI Max 7 Day Max Pl xg STD x 1.5 297.32 9 0 | 136 | 1.000 | 0.938 0.062 0.117 4.259
IMERG Precip AOI Mean 1 Day Mean Pl x STD x 2 81.43 7 2 | 156 | 0.778 | 0.957 0.043 0.081 4.886
ERA5 SWH Pt Moving 24h Max Pl xi MAD x 3 1.69 8 | 3 |93 | 0727 |0.921 0.079 0.143 2.913
ERA5 SWH Pt 1 Day Max Pl xi MAD x 3 1.77 8 | 3 1104 | 0.727 | 0.929 0.071 0.130 3.257
ERA5 SWH Pt 1 Day Mean Pl xi MAD x 3 1.53 9 2 | 170 | 0.818 | 0.950 0.050 0.095 5.324
ERA5 SHWW Pt 1 Day Max Pl xi MAD x 3 1.03 8 | 3 |205| 0.727 | 0.962 0.038 0.071 6.420
ERA5 SHWW Pt Moving 24h Max Pos 0.59 8 | 3 | 227 | 0.727 | 0.966 0.034 0.065 7.109
ERA5 SHWW Pt 1 Day Mean Pos 0.50 8 | 3 |284]| 0.727 | 0.973 0.027 0.053 8.895
ERA5 SHWW Pt Moving 24h Max Pl x STD x 0.5 0.21 11| 0 | 746 | 1.000 | 0.986 0.015 0.029 | 23.364
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2.3 Multivariate Analysis

Multivariate analysis used the filtered outputs from univariate analysis and combined trigger
signals. All possible and meaningful combinations of the 33 filtered univariate outputs were
compiled, with combinations ranging from 2 to 4 variables in total. Those combinations without
a precipitation variable, combinations that had more than one precipitation variable from the
same data source, and those with multiple wind or pressure variables were discarded. This
resulted in a total of 25,976 variable combinations. Each combination was tested under

different logics to create a multi-variable trigger signal. The different logics were:

1 All precipitation variables trigger.

1 All non-precipitation variables trigger.

1 All variables (precipitation and non-precipitation) trigger simultaneously.

9 Atleast k precipitation variables trigger (for k = 1 up to the total number of precipitation

variables).

9 At least k non-precipitation variables trigger (for k = 1 up to the total number of non-
precipitation variables).

1 At least p precipitation variables trigger AND at least o non-precipitation variables
trigger (for all valid combinations of p and 0).

9 Atleast p precipitation variables trigger OR at least o non-precipitation variables trigger
(for all valid combinations of p and o, where the total number of variables > 2).

1 At least 2 precipitation variables trigger AND at least 1 non-precipitation variable
triggers.

9 At least 1 precipitation variable triggers AND at least 2 non-precipitation variables
trigger.

1 At least 3 precipitation variables trigger AND at least 1 non-precipitation variable
triggers (where available).

9 At least 2 precipitation variables trigger AND at least 2 non-precipitation variables
trigger (where available).

1 At least 1 precipitation variable triggers AND at least 3 non-precipitation variables

trigger (where available).

Redundant combinations were filtered. The same approach to event detection analysis and
metric calculation employed during univariate analyses was applied to each logic. The result
was a set of 259,095 outputs. Figure 2-6 presents the Hit Rate versus FAR for the multivariate
results. There is a full range of both Hit Rate and FAR values. FAR increases and decreases
with Hit Rate. Where Hit Rate is less than ~0.5, the FAR increases with decreasing Hit Rate;

these combinations represent significant degradation of the model quality. Where Hit Rate is
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greater than ~0.5, FAR tends to increase with Hit Rate: these results represent the

compromise between identifying known events and triggering false positives.
Summary statistics of the multivariate outputs include:

1 84,129 combinations achieved a 100% Hit Rate: 11 out of 11 events (or 9 out of 9 for
combinations including IMERG variables).

1 The multivariate with the highest F1 Score of 0.67 had a Hit Rate of ~64% (7/11 events)
and a false alarm rate of 0.094 FA/Yr. The trigger type was All variables, using:

0 The daily mean of EMCWF AOI mean precipitation with a threshold of the
median plus the MAD with a multiplier of 3.

o The daily mean of MERRA AOI mean precipitation with a threshold of the
median plus the MAD with a multiplier of 3.

0o The daily maximum of the 24-hour moving average of AOI mean NCEP
windspeed, with a threshold of the median plus the STD, with a multiplier of 2.

0 The daily maximum of the 24-hour moving average of ERA5 significant wave
height (single point) with a threshold of the median plus the MAD with a
multiplier of 3.

9 Sorting by F1 Score and then FA/Yr, the top performing multivariate had a 100% hit
rate while providing ~0.72 FA/Yr. The trigger type was at least 1 precipitation trigger
AND 2 non-precipitation triggers. The variables and triggers were:

0 The daily maximum of the 7-day cumulative sum of IMERG AOI maximum
precipitation with a threshold of the median plus the STD with a multiplier of
1.5.

0 The daily mean of NCEP AOI mean MSLP with a threshold of the median plus
the MAD with a multiplier of 3.

o The daily mean of MERRA AOI mean wind speed with a threshold of the 95™
percentile.

0 The daily maximum of the 24-hour moving average of ERA5 significant height
of wind waves (single point) with a threshold of the 95" percentile.

9 Four multivariate combinations achieved an FA/Yr value of zero, but associated Hit
Rates were less than 45%. They all had an All-Variables trigger. They used at least 2
precipitation variables; two of the four used three precipitation variables. Non-
precipitation variables included wind speed, which was included in all combinations;
MSLP which was included in two of the combinations; and significant wave height,
which was included in one of the combinations. The best performing of these zero
FA/Yr multivariate combinations included three precipitation variables (ECMWF,
NCEP and IMERG) and one wind speed variable (ECMWEF).
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Figure 2-6: Multivariate results. Comparison between Hit Rate and False Alarm Rate (FAR) with data points
coloured based on F1 Score.

2.4 Discussion

In comparison to the univariate, the multivariate assessment results in many more data points
having lower FARs. The lowest FA/Yr for those univariates that achieved 100% Hit Rate was
3.95; whereas the multivariate models achieved the lower value of 2.7 FA/Yr. As per Phase 1,
there is a complete lack of reliable, on-site data to validate the global hindcast models. While
the models provide data that is relevant, the behaviour in extreme storms may not be wholly
representative. Validating the hindcast datasets may also improve the univariate approach to

a level acceptable for an operational PIP trigger.

While processing the multivariate dataset, each assessment recorded which events were
missed, if any. Figure 2-7 presents a histogram of missed events across those multivariate
combinations that missed 1 event. The single most missed event was tropical depression
Flossie in 2025. By the time Flossie impacted El Salvador, it was a tropical depression, rather

than a categorised Hurricane like some of the other events,and F | o s storma €igeature may

well be significantly different.

The second most missed event across all multivariate combinations was Ida. The event record

showed that the timing of Ida resulted in impacts on the AOI and specific damage recorded to

t he EI Cuco area. However, |l dabés event type
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low-pressure system. Further investigation into how these systems may be separated and
which caused actual impacts may be required.

Any trigger mechanism with an FA/Yr greater than O raises the question of how false alarm
events will be addressed or diagnosed when operational. This could be done with real-time,
in-situ measurement, such as a flood gauge or weather station. Any additional trigger logic
needs to be objective and reliable. While a very large number of variable combinations and
trigger logics have been tested, the maximum number of variables considered at one time was
limited to four. The number of variables included could be increased with the maximum
number of variables possible, under the current univariate-to-multivariate approach (with
source-based filtering) could be up to 10, which would include all four precipitation sources,
three wind speed sources, two atmospheric pressure sources and a single wave climate

variable.
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Figure 2-7: Missed event counts using multivariate combinations.
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A further constraint on Ai mpa todusedonag sudiegrbasedhe nat u
economyi, is to consider if the event has restricted the opportunity to surf. Anecdotal evidence

suggests, and recent economic studies have shown, that visitation to Oriente Salvaje by

surfers is a function of surfable conditions. An impactful event may happen, but whether that

impactful event directly prevented surf-based economic input to the area is not always clear.

Section 3 considers offshore wave conditions in-terms of surfability.
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3 Surfability

The bulk of literature regarding surfability is focussed surfing wave quality, which includes the
metrics of wave breaking shape, the rate at which the break point translates laterally, the peel
angle, and ride length. Outside of big wave surfing, wave height is not a wave quality metric,
but it is a primary factor for surfability: if the waves are too small, there will be no waves to
surf. Intrinsic to wave height is also wave period. Even if the wave height/period is suitable,
wind, tides, and, in the case of unconsolidated seabed (e.g. beaches, river mouths, etc.),
sediment transport can all influence surfability. Currents also play a role in surfability by
modifying both propagation and wave breaking. For example, at Nusa Lembongan in
Indonesia, which is situated next to a deep tidal channel (between Nusa and Bali), the surf
breaks are only surfable on a flood tide as strong ebb tidal currents substantially suppress

wave propagation.

Previous studies have considered thresholds for both wave height/period and coincident wind
speed and direction. This simplistic approach does not account for the wave quality or
bathymetric configuration on any given day. However, using wave and wind data, statistics
regarding how often the incident conditions are surfable can be determined (e.g. Atkin and
Greer, 2019; Atkin et al., 2024).

While surfability is largely focused on wave quality, when evaluating a surf break as a
resource, consideration must be given to access, which is very pertinent to Oriente Salvaje.
In Aotearoa New Zealand, Policy 16 of the New Zealand Coastal Policy Statement
(Department of Conservation, 2010), Surf Breaks of National Significance, surfing resources
are protected by ensuring activities in the coastal environment do not adversely affect the surf
breaks and avoiding adverse effects of other activities on access to, and use and enjoyment
of the surf breaks. Being able to access a surf break is a fundamental to surfability. Surfability
is considered here as resource use, rather than surfing wave quality alone. In terms of
characterisation of surfing resources, access is a key component highlighted by stakeholder
engagement (Atkin et al., 2023). For communities, such as those in Oriente Salvaje, having

the capacity to host visitors will act as a limiting condition on access.

Access is not solely dependent on users being physically present. Water quality affects a
surfing resource's naturalness, reduces use and enjoyment, and in the worst cases, where
entering the water may have direct health impacts, will prevent access; access identification

is a key point of surf resources management (Atkin, 2023; Atkin et al., 2023).

This section considers surfability by leveraging the metocean datasets and comparing them

to third-party data of people counts compiled from a camera at Las Flores operated by Surfline.
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Thresholds for surfable conditions (wave and wind statistics) are developed and then
considered during the identified extreme events.

People count from the camera at Las Flores were available between February 2013 and
September 2025. The frequency of sampling was mixed, and timestamps were inconsistent,
especially before October 2017; data before this time were omitted. To address the irregular
time stamps, that the same people are counted in consecutive timesteps, and that the wave
statistics are on 3-hourly timesteps, the surfer count data was aggregated to hourly averages.

The dataset categorises observations into three groups: water, shore, and wading. This
analysis focuses on the water category as the most relevant proxy for surf activity. However,
the interpretation of this category remains uncertain, as it is unclear whether it represents
active surf use or broader in-water activity. The accuracy and consistency of this classification

are therefore considered a limitation of the dataset.

Figure 3-1 presents the raw people count data and the hourly average. Figure 3-1 includes
the periods associated with the COVID pandemic. For El Salvador, the period of total lockdown
was taken as 11/03/2020 through 18/9/2020, and the restricted travel period as 18/9/2020
through 16/11 2021. People count was reduced during the periods associated with Covid
pandemic. People count increased during the restricted travel period. People count data
during the lockdown period was completely omitted, as was data in the restricted travel period

up to 120 days before the end of that period.
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Figure 3-1: People count at Las Flores. Black line: raw people count. Shaded red: Lockdown period. Shaded
orange: travel restriction period. Green line: retained people counts. Orange line: hourly average people count.
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Metocean statistics were compiled for each timestep in the people count data, these included:
significant wave height of the total sea (SWH), total swell (SHTS) and wind waves (SHWW);
mean wave period of total sea (MWP), total swell (MPTS) and wind waves (MPWW); Mean
Wave Direction of total sea (MWD), total swell (MDTS) and wind waves (MDWW); Peak Wave
Period (PP1D); and wind speed and direction.

Figure 3-2 through Figure 3-5 present normalised probability density functions of cumulative
people count plotted against metocean statistics. For each metocean statistic, the 1st, 5th,
95th, and 99th percentiles of the cumulative people count were calculated, and the coincident
statistic was retained. The total sea and the total swell for height, period and direction all
present very similar distributions. The total sea and the total swell data provide clear upper
and lower thresholds (height, period and direction) associated with the surfer counts. The
significant height provides a clear upper threshold. The mean period of wind waves provides
upper and lower thresholds, but the data is complicated by a spike in user counts. For the
mean direction of wind waves, all the directional bins have a non-zero count, and given the
circular nature of direction, the percentile thresholds are unserviceable. The mean direction of
wind waves does show a spike in the people counts associated with north-northeasterly (from)
wind waves. There is a reduction in people counts as wind speed increases, falling to ~0 in
wind speeds greater than 8 ms™. People counts associated with wind direction are bimodal,
with one peak centred on northeasterly winds (offshore) and the other on south-westerly
winds. Table 3-1 provides upper and lower percentile values for the metocean statistics. These
percentiles were used to develop a logic for surfability, based on the single-point offshore

wave statistics.

The logic uses the upper and lower percentile threshold values for all values except for wind
direction, which is not included, and the significant height of wind waves (SHWW) and wind
speed (WSPD), for which only the upper threshold is used. The percentage of surfable
conditions is calculated using both the 95" (5") and 99" (1" percentile thresholds, which
resulted in surfable conditions for 51.7% and 87.6% of the time, respectively. Figure 3-6
presents normalised people count, and normalised significant wave height filtered with the
logic for surfable conditions, as well as the impactful events within the window of the people
count data. Figure 3-7 through Figure 3-16, focus on the 11 impactful events and the surfable
conditions in the following 14 days after impact time. The event windows (impact time + 2
days) contain offshore wave conditions that are mostly outside the thresholds of surfable
conditions; the exceptions are Stan and Flossie. Following Stan, the offshore wave conditions
are outside the thresholds for ~7 days. Most offshore conditions through the event window of
Flossie are surfable at the 5"/95" percentile level, and this trend continues in the following 2

weeks. Despite this, there is a decrease in people count during and after the event. People
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event window, and before the impact time of Julia and

Alberto.
1.2 ; SIWH T 12 g SIH‘TS T
1 1 1 1
| | | |
1 1 1 1
1 1 1 1
s ] 1 ns 1 1 i
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
08 ! ! 08+ ! ! .
’ l 1 ‘ 1 1
1 1 1 1
f-: l 1 f-;: 1 1
< 1 1 < 1 1
a I 1 a3 ! !
Zosf . X Zo6r X X 1
% 1 1 é 1 1
2 1 2 1 1
[ [
T 1 T 1 1
| | |
04} " ! 04+ ! ! g
: 1 1 ) [ 1
1 1 1
1 1 1
1 1 1
1 1 1
02} ! 0.2} ! e
1 I 1
1 1 1 1
1 1 1 1
1 1 / 1 1
1 1 1 1
0 /\ 1 L 11 \-—_._ I 0 L 1 11 L
0 05 1 15 2 25 3 0 0.5 15 25
Height (m) Height (m)
12 SHWW T
1L
0.8
2
[}
=
@
=]
Zos
Z
]
o
2
o
041
02}
0 L 1 1
15 2 25 3
Height (m)

Figure 3-2: Normalised probability density of cumulative people counts plotted against wave height statistics with
upper and lower percentiles of cumulative density (51" and 95" red dashed lines and 15t and 99 red dotted lines).
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Figure 3-3: Normalised probability density of cumulative people counts plotted against wave period statistics with
upper and lower percentiles of cumulative density (51" and 95" red dashed lines and 15t and 99 red dotted lines).
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Figure 3-4: Normalised probability density of cumulative people counts plotted against wave direction statistics

with upper and lower percentiles of cumulative density (5" and 95™ red dashed lines and 15t and 99 red dotted
lines).
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Figure 3-5: Normalised probability density of cumulative people counts plotted against wind speed (left) and
direction (right) statistics with upper and lower percentiles of cumulative density (5th and 95th red dashed lines
and 1st and 99th red dotted lines).

Table 3-1: Lower and upper people count percentile-based thresholds for metocean statistics. Include both
15499t and 5%/95™ percentiles.

Variable P Py Ps Pos
SWH (m) 0.58 1.65 0.77 1.45
SHTS (m) 0.58 1.65 0.68 1.45
SHWW (m) 0.00 0.68 0.00 0.48

MWP (s) 6.48 | 12.16 | 7.19 | 11.10
MPTS (s) 726 | 1210 | 7.90 | 1145
MPWW (s) 1.58 3.71 1.77 3.71
PP1D (s) 668 | 17.71 | 7.90 | 16.48

MWD (°) 129.97 | 233.03 | 175.77 | 210.13
MDTS (°) | 169.10 | 226.90 | 177.35 | 210.39
MDWW (°) | 11.61 | 313.55 | 23.23 | 255.48
WSPD (ms?) | 0.00 7.74 0.48 6.29
WDIR (°) 0.00 | 348.39 | 11.61 | 325.16
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Figure 3-6: Normalised people count (blue bars), normalised significant wave height filtered with the logic for
surfable conditions (black: outside surfable thresholds; orange line: constrained to 15t and 99" percentile
thresholds; green line: constrained to 5" and 95™ percentile thresholds), impactful events (red patches), and
covid lock down (light pink patch) and restricted travel (cream patch) periods.
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Figure 3-7: Focussed view of Figure 3-6 for storm event Gert.
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Figure 3-8: Focussed view of Figure 3 6 for storm event Mitch.
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Figure 3-9: Focussed view of Figure 3 6 for storm event Adrian.
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Figure 3-10: Focussed view of Figure 3 6 for storm event Stan.
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Figure 3-11: Focussed view of Figure 3 6 for storm event Ida.
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Figure 3-12: Focussed view of Figure 3 6 for storm events Amanda and Cristobal.
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Figure 3-13: Focussed view of Figure 3 6 for storm event Eta.
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Figure 3-14: Focussed view of Figure 3 6 for storm event Julia.
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Figure 3-15: Focussed view of Figure 3 6 for storm event Alberto.
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Figure 3-16: Focussed view of Figure 3 6 for storm event Flossie.
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4 Flood Modelling

Phase 1 provided a catalogue of extreme events, with a subset of events considered to have
impacted Oriente Salvaje directly. Approximately 65% of these events were associated with
reports of regional flooding and landslide impacts. Two events describe coastal inundation at
Las Flores. Five events relate to local pluvial/flash-flood or debris/sediment surges. For the
region, rainfall-driven flooding (often short-duration, high-intensity) is the dominant recurring
hazard, with episodic coastal inundation when large swell/high tide events align.

There are insurance products based on storm surge, wave conditions, satellite imagery and
real-time flood maps. However, coastal flooding is complex. Not every extreme meteorological
event coincides with large tidal ranges, large waves or long-period waves, or results in strong
shoreward-driven winds. Extreme events dominated by precipitation (no/low storm surge) can
still cause landslides and flash floods, and coastal inundation can still occur without

precipitation.

In this section, flood modelling is undertaken to better understand local impacts on the AOI.
The modelling uses freely available datasets, soil data, land-use, and ground cover. The
approach uses the hydrologic model across all regional catchments to generate rainfalli runoff
boundary conditions to be used in a hydraulic model to simulate inundation. Scenarios
considered are a nominal rainfall event and two extreme events, all with and without tide and

storm-based water levels, and across present-day, 2050 and 2100 SLR scenarios.

Rather than predicting probabilistic flood risk at individual properties, the modelling focuses
on impact-relevant system responses, including flood depth, spatial extent, and persistence
under a range of rainfall and coastal water-level conditions. These responses are used to
understand how flooding escalates when rainfall intensity coincides with elevated coastal

water levels, which is a key driver of compound flood impacts in low-lying coastal catchments.

Detailed hydrological and hydraulic model setup, terrain processing, boundary conditions,
scenario definitions, and full scenario-by-scenario results have been compiled in a separate,
dedicated report (Castro and Atkin, 2026). For this report, basic details regarding setup,

execution and modelling results are provided.

4.1 Methods

Flood modelling was undertaken for four priority coastal catchments within Oriente Salvaje i

see Figure 4-1:
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Punta Mango i steep, confined catchment with strong rainfalli tailwater interaction at
the outlet.

A Las Flores i narrow outlet and low-lying settlement with high sensitivity to elevated
coastal water levels.

A El Carrizal i broader floodplain with extensive shallow inundation under compound
conditions.

A Brazo El Zapote i least confined system, exhibiting widespread floodplain inundation

and prolonged flood persistence.

While each catchment has distinct geomorphic and hydraulic characteristics, all exhibit short
hydrological response times and strong sensitivity to coincident rainfall and coastal forcing,
making them suitable for a unified parametric trigger framework with spatial differentiation.
Catchment-specific characteristics are provided in Castro and Atkin (2026).

A two-stage modelling approach was adopted, comprising event-based rainfalli runoff
simulation, followed by hydraulic inundation modelling under combined rainfall and coastal

boundary conditions.

.
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Figure 4-1: Elevation map of eastern El Salvador showing major catchment boundaries draining toward Las
Flores, Punta Mango, El Carrizal, Brazo El Zapote. Elevation derived from SRTM (30 m), highlighting steep
volcanic terrain transitioning to a narrow coastal plain.
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4.1.1 Hydrological Model Configuration

Given the absence of long-term gauged flow data, a physically based, parsimonious
configuration was adopted. Losses were represented using the Soil Conservation Services
(SCS) Curve Number method, with values assigned based on regional soil, land cover, and
slope characteristics. A unit hydrograph transform was used to convert excess rainfall to
runoff, while baseflow was represented using a simple recession model appropriate for steep,
flashy tropical catchments.

4.1.2 Hydraulic Modelling

Two-dimensional hydraulic modelling was undertaken to simulate flood behaviour within the

catchments under extreme rainfall conditions. The objective was to:
1 Quantify flood extent, depth, and flow pathways under extreme event scenarios
1 Assess interaction between riverine flooding and elevated coastal water levels

1 Support the development of rainfall-based parametric insurance triggers, including

compound flooding sensitivity

The hydraulic modelling focused on the four priority catchments: Punta Mango, Las Flores, El
Carrizal and Brazo El Zapote. Hydraulic simulations were driven by event-based inflow
hydrographs, representing documented extreme storm events. The modelling framework was
designed to be conservative, transparent, and physically interpretable, consistent with data-
limited conditions in eastern ElI Salvador. The full hydraulic model configuration,

parameterisation, and scenario matrices are provided in Castro and Atkin (2026).

4.1.3 Model Configuration

The model domains were defined to encompass the upper river channels and floodplains,
lower catchment floodplain areas and estuarine zones, and nearshore coastal margins subject
to tidal and storm-driven backwater effects. The terrain was derived from the best available
digital elevation data and processed to ensure consistent representation across all
catchments. The model resolves overland flow, channel conveyance, and floodplain storage
under unsteady flow conditions. Upstream boundary conditions were defined using event-
based inflow hydrographs for each catchment. Separate inflow hydrographs were applied for

each catchment and scenario, preserving spatial variability in hydrological response.
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Figure 4-2: HEC-RAS 2D model domain configuration for the Oriente Salvaje study area, showing the wide
coastal grid, internal inflow boundary locations for the four catchments, refined 2D flow areas along river corridors
and floodplains, and the downstream coastal stage boundary representing tidal and sea-level conditions.

At the downstream coastal boundary, a time-varying stage hydrograph was applied to
represent ocean water levels during extreme events. This boundary condition incorporates
astronomical tidal variability, sea level rise, and a storm surge allowance. This configuration
enables assessment of compound flooding, where elevated coastal water levels reduce

drainage efficiency and amplify inland flood extents.

4.1.4 Scenario Development

Formal calibration of the model and validation against long-term streamflow records were not
possible due to data limitations. Model confidence was assessed by considering documented
extreme flood events, consistency with observed flood mechanisms reported by local
communities, and a visual comparison of simulated flood extents with event observations (e.g.

Phase 1. Two validation scenarios were selected:

1 June 2024. Tropical Storm Alberto. Heavy rain 832.6 mm in the eastern zone;
fatalities; blocking roads; flooding. Nationwide Red Alert / State of National
Emergency. Max wind speed 56 km/h; air pressure below 993 mbar. Impact on
Usulutédn. Urban flooding at Agua Fris near Punta Mango. Local infrastructure
damage.

1 April 2025. Reported as a Coastal Hazard by a local stakeholder, during which a
large tidal range and large waves coincided. Footage of coastal inundation in the

Las Flores / El Cuco area.
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As well as a validation scenario, Tropical Storm Alberto also provides an upper-bound event
for sensitivity testing. Tropical Storm Amanda is also considered for sensitivity testing as a
representative severe event with 576.7 mm during the event. A baseline hydrograph was
constructed using a constant low-flow discharge of 5 m?/s, applied uniformly across all
modelled catchment inflow boundaries. This value was adopted as a representative non-
event, background flow condition, intended to maintain active channel flow while avoiding the
introduction of additional flood forcing. Given the absence of observed flow records for the
catchments, this simplified and conservative assumption provides a stable and consistent

hydraulic baseline across all scenarios.

Hydrographs based on the rainfall scenarios were developed for Tropical Storm Amanda
(2020) and Tropical Storm Alberto (2024). A representative hurricane rainfall temporal pattern
was applied consistently across all simulations, reflecting the short-duration, high-intensity
structure typical of landfalling storms in the Eastern Pacific. This approach preserves
physically realistic runoff response while allowing sensitivity testing of rainfall timing relevant

to springtide and/or storm-surge coincidence.

Coastal Boundary Conditions were developed based on astronomical tides and combined with
sea level rise projections and approximated storm surge levels associated with the events.

Table 4-1 summarises the coastal boundary water levels applied in the HEC-RAS simulations.

Table 4-1: Coastal boundary condition type.

Plan IDs Coastal Boundary Condition Purpose in main assessment
A: (BASE_Tide) Tide-only Baseline coastal condition
A2: (BASE_HAT_SLR) HAT + SLR Tailwater sensitivity

B, G: (AMANDA_HAT,

ALBERTO_HAT) HAT only Extreme rainfall, no surge

G2: (ALBERTO_HAT_SS) HAT + Surge Compound flooding

D, F: (AMANDA_HAT SLR,

ALBERTO_HAT SLR) HAT + SLR Upper-bound compound

4.2 Results

The following section presents the results of the heuristic model validation and the primary

outcomes of the sensitivity testing.
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4.2.1 Validation

Figure 4-4 and Figure 4-3 present localised snapshots of the flood water levels and extents
under the two validation scenarios, Tropical Storm Alberto and the storm surge event,
respectively. In both cases, the model reproduces the expected hydrological and hydraulic
behaviour of steep coastal catchments under extreme rainfall and elevated coastal water

levels.

Figure 4-3: Modelled flood extent and water depths at Punta Mango under compound extreme rainfall and
elevated coastal water levels, illustrating rainfall-dominated fluvial flooding consistent with observed flooding and
infrastructure damage during Tropical Storm Alberto.
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Figure 4-4: Modelled coastal inundation extent and water depths at Las Flores under elevated coastal water
levels, illustrating tidal coastal flooding consistent with observed inundation during large tidal events on 28 April
2025.

4.2.2 Sensitivity Testing

The following subsection presents summaries at the catchment-scale of flood behaviour
across the different scenarios with examples of the main model outputs. Figure 4-5 presents
modelled flood extents under the Tropical Storm Alberto + HAT scenario within the AOI and
illustrates the spatial distribution of coastal and fluvial inundation influenced by catchment
inflows and downstream tidal boundary conditions.
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Figure 4-5: Overview of modelled flood extents in the AOI under the Tropical Storm Alberto + HAT scenario. The
output highlights four primary areas for assessment: Punta Mango, Las Flores, El Carrizal, and Brazo El Zapote.

Punta Mango

Key exposure points within the Punta Mango catchment include the primary bridge crossing,
adjacent road approaches, low-lying settlement pockets, and the coastal outlet zone (Figure
4-6). These locations consistently exhibit the highest sensitivity to compound flooding due to
the combined influence of channel constriction, downstream tailwater control, low local relief,

and drainage bottlenecks.

Modelled results indicate that elevated water depths concentrate at bridge crossings and
channel bends, where reduced hydraulic capacity and backwater effects amplify inundation
under coincident rainfall and high coastal stage conditions. Under upper-bound compound
scenarios (e.g., G2), inundation extends beyond the channel corridor into adjacent road
approaches and low-lying developed areas, increasing the likelihood of access disruption and

functional isolation.

Maximum depth and depth-averaged velocity outputs suggest that hydraulic hazard is spatially
focused, with the highest combined depthi velocity conditions occurring near constrictions and
crossings. These locations represent critical control points for impact escalation and are well-
suited for targeted monitoring, trigger definition, and risk communication within a parametric

insurance framework.
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Figure 4-6: Maximum simulated flood depth for Event G2 (Alberto-type upper-bound rainfall combined with HAT
and storm surge) at Punta Mango. Depths are shown in metres.

Las Flores

Key exposure points within Las Flores include low-lying settlement areas adjacent to the lower
channel, coastal access routes, and the outlet zone where elevated coastal stages constrain
drainage. These locations show high sensitivity to compound flooding due to a combination of

low relief, tailwater control, and limited outlet conveyance capacity.

Compared with Punta Mango, flood hazard at Las Flores is less confined and is characterised
by broader spatial inundation across the coastal plain under elevated coastal stages. Figure
4-7 indicates that maximum flood depths concentrate along the lower channel corridor and at
localised constrictions, while widespread shallow inundation affects low-lying settlement areas

and road corridors under compound conditions (HAT + SS).

Where available, maximum depth and depth-averaged velocity outputs should be interrogated
at crossings and constrictions to distinguish depth-dominated flood exposure from localised
velocity-driven hazard. These locations represent practical control points for risk

communication and future trigger calibration.
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A

Figure 4-7: Maximum simulated flood depth for Event G2 (Alberto-type upper-bound rainfall combined with HAT
and storm surge) at Las Flores..

El Carrizal

Key exposure points within El Carrizal include low-lying areas adjacent to the lower channel
corridor, road crossings and culvert-controlled drainage pathways, and downstream floodplain
zones where shallow inundation can persist during and after peak inflows. These locations
are sensitive to both rainfall-driven flood spreading and compound tailwater effects that reduce

drainage efficiency near the outlet.

Compared with Punta Mango, El Carrizal exhibits less strictly confined flooding and a greater
propensity for floodplain spreading and ponding in downstream low-relief areas. Model outputs
(Figure 4-8) indicate that maximum flood depths concentrate along the main channel corridor
and at localised constrictions (including crossings), while widespread shallow inundation
develops across the downstream floodplain under severe and upper-bound rainfall scenarios.

Under elevated coastal stage conditions (HAT, HAT + SLR50, and storm surge allowance),
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flood persistence increases near the outlet and in low-lying zones, reflecting reduced hydraulic
gradient for drainage.

Where available, maximum depth and depth-averaged velocity outputs should be interrogated
at crossings and constrictions to distinguish depth-dominated exposure from localised
velocity-driven hazard. These sensitivity points provide practical control locations for risk
communication and future trigger calibration, particularly where access disruption and culvert

blockage may be likely under compound conditions.

Figure 4-8: Maximum simulated flood depth for Event G2 (Alberto-type upper-bound rainfall combined with high
astronomical tide and storm surge) at El Carrizal. Depths are shown in metres.

Brazo El Zapote

Key exposure points within Brazo El Zapote include low-lying settlement areas adjacent to the

lower channel corridor, coastal access routes and road crossings, and downstream floodplain
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zones where shallow inundation can persist during and after peak inflows. These locations
show high sensitivity to both rainfall-driven floodplain spreading and tailwater control effects
that reduce drainage efficiency near the outlet.

Compared with Punta Mango, Brazo El Zapote exhibits less channel confinement and greater
propensity for widespread floodplain inundation. Model outputs (Figure 4-9, Figure 4-10 and
Figure 4-11) indicate that maximum flood depths concentrate along the main channel corridor
and at localised constrictions (including crossings), while widespread shallow inundation
develops across the downstream floodplain under severe and upper-bound rainfall scenarios.
Under elevated coastal stage conditions (HAT and storm surge allowance), flood persistence
increases near the outlet and across low-relief areas, reflecting a reduced hydraulic gradient,

diminished drainage efficiency, and increased ponding potential.

Where available, maximum depth and depth-averaged velocity outputs should be interrogated
at crossings and constrictions to distinguish depth-dominated exposure from localised
velocity-driven hazard. These sensitivity points provide practical control locations for risk
communication and future trigger calibration, particularly where access disruption and

drainage bottlenecks may be likely under compound conditions.
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Figure 4-9: Comparative flood extent and maximum depth for Event G2 across Las Flores (left), Brazo El Zapote (centre), and El Esteron (right)..
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4.3 Discussion

This modelling does not represent a probabilistic flood frequency assessment. Instead, an
impact-based, scenario-driven approach is adopted to explore system sensitivity and spatial
flood behaviour under extreme but physically realistic conditions. Where relevant, results are
interpreted qualitatively and comparatively, with reference to regional benchmarks, rather than
direct equivalence to design events 100-year ARI.

Flood behaviour across the Oriente Salvaje settlements is controlled by the interaction
between rainfall intensity, catchment morphology, and coastal water levels. While extreme
rainfall is the primary driver of flood initiation, elevated coastal stages strongly influence flood

extent, duration, and impact severity in low-lying coastal settlements.
Two dominant flood response types are observed:
{1 Rainfall-dominated systems with rapid runoff from steep volcanic catchments.

1 Compound flood systems where elevated coastal water levels exacerbate inland

flooding through backwater effects.

Under elevated coastal stages, tailwater effects can significantly reduce hydraulic conveyance
at estuarine outlets, leading to increased flood depths and expanded inundation extents even

for equivalent upstream discharge.

Clear differentiation is observed between the severe and upper-bound rainfall scenarios.
Severe rainfall produces substantial overbank flooding in vulnerable areas, while the upper-
bound scenario generates markedly higher peak discharges, more extensive inundation, and
deeper floodwaters. The upper-bound scenario is therefore treated as a conservative stress-
test for evaluating worst-case exposure, emergency planning considerations, and adaptation

pathways.

Critical thresholds associated with the onset of overbank flooding and infrastructure impact
were identified qualitatively for each sub-catchment, representing approximate discharge or
water-level conditions at which channel capacity is exceeded, and flood impacts escalate
rapidly. These thresholds provide useful insight into flood sensitivity and support the
development of rainfall- or flow-based trigger levels for early warning and parametric insurance

applications.

The modelling explicitly evaluates compound flood interactions between upstream river
discharge and downstream coastal water levels. This interaction is particularly important for
low-lying coastal catchments and estuarine outlets, where elevated tailwater conditions
reduce drainage efficiency, amplify backwater effects, and can substantially increase flood

depth, velocity, and spatial extent for a given discharge.
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Model outputs were extracted for each scenario to quantify the flood extent, maximum flood
depth, flow velocity and dominant flow pathways. These outputs were used to identify spatial
patterns of flood hazard across the AOI and to support the interpretation of rainfall thresholds.

El Carrizal and Brazo El Zapote show stronger sensitivity to elevated coastal water levels,
where backwater effects at the outlet increase inundation extent during extreme events. Punta
Mango and Las Flores are predominantly rainfall-driven, with rapid runoff from steep upper
catchments controlling the flood magnitude, with coastal influence being secondary except

under upper-bound scenarios.

4.3.1 Flood Modelling in Parametric Trigger Design

Parametric insurance relies on predefined physical thresholds rather than loss assessment.

For flood risk in Oriente Salvaje, this requires an understanding of:

A When flooding transitions from in-channel nuisance conditions to overbank inundation.

A How elevated coastal water levels reduce drainage efficiency and increase flood
persistence.

A Where flood impacts concentrate spatially, particularly at crossings, access routes,

and settlement areas.
The modelling framework therefore evaluates a structured set of scenarios combining:

1 Rainfall severity (baseline, severe, and upper-bound events)
1 Coastal stage conditions (non-extreme tide, high astronomical tide, sea-level rise, and

storm surge allowance)

This approach enables the identification of impact escalation pathways, which are critical for

defining parametric trigger logic that is both scientifically defensible and operationally practical.

Full technical details of the hydrological and hydraulic modelling methodology, assumptions,

calibration constraints, and scenario definitions are provided in Castro and Atkin (2026).

The flood modelling demonstrates that flood impacts across Oriente Salvaje are governed by
a limited set of dominant trigger drivers, with clear threshold behaviour observed across

scenarios.

Rainfall intensity primarily controls flood volume and spatial extent, while elevated coastal
water levels strongly influence drainage efficiency, flood depth, and persistence in low-lying
coastal settlements. The coincidence of rainfall and elevated coastal stages produces non-
linear responses, where relatively small increases in either driver result in disproportionate

increases in flood impacts.
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Model results indicate that bridge overtopping and access disruption emerge as practical
system thresholds, particularly under severe rainfall combined with elevated tide, storm surge,
or future sea-level rise conditions. These threshold responses provide a robust basis for
defining event-based parametric insurance triggers linked to observable rainfall and coastal

water-level conditions.

A conceptual rainfalli tide-impact matrix was developed as part of this work and is presented
in Table 4-2. This type of output synthesises the scenario-based hydraulic results into a
potential structured trigger framework. These matrices capture how flood impacts escalate
with increasing rainfall severity (ROT R2) and downstream coastal water levels (TOi T2) and
identify where compound thresholds are most likely to be exceeded at each catchment.
Together, they provide a transparent link between modelled flood behaviour, observed
sensitivity to tailwater conditions, and the definition of practical parametric trigger thresholds.
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Table 4-2: Conceptual Rainfalli Coastal Water Level matrix showing flood impact levels across rainfall (ROi R2)
and coastal stage (TOi T2) scenarios. Impact categories represent relative severity.

Coastal Stage
(Tailwater)

TO Non-Extreme
Tide

Baseline coastal

condition

T1 HAT

High Astronomical
Tide

T21 HAT + Sea
Level Rise + Storm
Surge

Upper-bound future
coastal stage

RO 7 Baseline Rainfall R1 71 Severe Rainfall

(Typical / Event A) (Amanda-type)

) Moderate / Localised
Low / Nuisance Impacts
Impacts

In-channel flooding; minor o o
o i constrictions; limited

ponding in low-lying areas. ) o
floodplain activation.

Moderate High Impacts

Impacts Elevated tailwater
increases stages; low points
and channel bends are
affected.

Overbank flow at local

Bridge and adjacent road

effects extend upstream.

R2 i Upper-Bound
Rainfall

(Alberto-type)

High / Severe Impacts

Widespread overbank
flooding; bridge and road
overtopping is plausible.

Very High / Severe
Impacts

Overtopping at multiple

overtopping likely; backwater ' crossings; increased flood

depths and velocities.

4.3.2 Limitations

This flood modelling study was undertaken using the best available regional datasets and

conservative assumptions appropriate for an impact-based, scenario-driven assessment.

While the modelling provides valuable insight into flood behaviour, compound rainfalli tide

interactions, and potential trigger mechanisms for risk financing applications, several

important limitations should be recognised when interpreting the results. Key limitations of the

hydraulic modelling include:
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f Limited topographic resolution in some low-lying coastal areas
1 Absence of long-term gauged water-level data for calibration
1 Simplified representation of small-scale drainage features

These limitations are not expected to materially affect the comparative assessment of extreme
flood scenarios or the development of rainfall-based parametric triggers. However, significant
improvements are feasible should flood model.

Rainfall Data and Event Definition

Rainfall inputs were derived from event-based hydrological simulations rather than long-term
local gauge records. No continuous, site-specific rainfall observations were available within
the AOI, requiring reliance on event-based catalogues and synthetic storm representations.

As a result:

1 The rainfall scenarios (Baseline, Amanda, Alberto) represent plausible impact-based

events, not statistically derived return periods.

71 Inter-annual and intra-seasonal variability in rainfall intensity and storm structure is not

fully captured.

1 The results should not be interpreted probabilistically, but rather as stress-test

scenarios exploring system response under realistic extreme rainfall conditions.

These limitations are acceptable within the context of parametric trigger development, where

physical impact thresholds are prioritised over frequency-based design events.

Absence of Measured Flow and Water Level Data

No measured river discharge, water level, or flood extent observations were available for

calibration or formal validation of the hydraulic model. As a result:

1 Model performance could not be quantitatively assessed against observed flood

events.

1 Channel roughness, conveyance efficiency, and overbank flow behaviour were
informed by terrain analysis and regional experience rather than site-specific

measurements.

To partially address this limitation, conservative assumptions were applied throughout the
modelling, and results were interpreted qualitatively and comparatively across scenarios

rather than as absolute predictions.
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Terrain Data and Topographic Representation

High-resolution surveyed terrain data were not available across the full model domain. The
hydraulic models were therefore based primarily on publicly available SRTM digital elevation
data, supplemented by additional processing and manual interpretation.

Key limitations include:

1 Canopy effects: Vegetation canopy was removed during terrain processing,
introducing uncertainty in ground elevations in densely vegetated areas.

1 Wetland representation: Wetland areas were not reliably represented in the SRTM
dataset and were therefore removed or simplified, potentially under-representing local

storage and attenuation effects.

1 Channel geometry: While channel carving and terrain conditioning were applied to
improve hydraulic realism, fine-scale channel features may still be smoothed or

generalised.

These factors may locally influence simulated flow depths and velocities, particularly in low-

gradient floodplain and wetland areas.

Infrastructure Elevations (Roads and Bridges)

Absolute elevation data for roads, bridges, and culverts were not available for the study area.

As a result:

1 Road and bridge levels were assumed to be approximately ~3 m above mean sea

level, digitised and interpolated from surrounding terrain.

1 Overtopping results for bridges and access roads should be interpreted as relative

indicators of exposure, rather than precise failure thresholds.

1 The absence of surveyed infrastructure levels represents a key uncertainty when

defining exact trigger levels for transport disruption or structural damage.

This limitation is particularly relevant for parametric insurance applications and highlights the

importance of future targeted surveys at critical assets.

Implications for Parametric Triggers

Despite the limitations outlined above, the modelling provides a robust conceptual framework

for identifying impact-relevant thresholds, including:
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f Rainfall conditions associated with the onset of channel overtopping.

f Sensitivity of flood extent to elevated coastal water levels (tailwater effects).

1 Relative escalation of impacts between baseline, severe, and upper-bound scenarios.
However, final parametric trigger definitions may be refined using:

1 Site-specific rainfall and water level observations when available,

1 Targeted surveys of critical infrastructure elevations, and

1 Continued iteration between modelled impacts and stakeholder risk tolerance.

These limitations do not undermine the usefulness of the modelling for exploratory trigger
development, but rather define the uncertainty bounds within which parametric thresholds

should be interpreted and refined.
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Discussion and Recommendations

Univariate and multivariate analyses were undertaken to determine the trigger values for
extreme events. Each metocean variable was characterised by creating composites of known
events, from which metrics for use in potential thresholds were developed. While both
univariate and multivariate approaches were able to identify all impactful events (100% Hit
Rate) using different thresholds, the biggest difference between the two approaches was the
number of false alarms, with the multivariate significantly outperforming the univariate. There
is a trade-off between hit rate and false alarm rate (FAR) for all approaches. If a univariate
approach is employed, and the associated FAR is often too high, the PIP will trigger too
regularly, which is not sustainable for implementation. If the threshold is increased to lower
the false alarm rate, then impactful events will be missed, and the PIP no longer serves the
community it is set to support and is not fit for purpose. The target for a triggering threshold
should be a 100% hit Rate and 0 FAR. This idealised scenario is unlikely to be achievable for
this site. The result is that a secondary validation dataset will be required to check when the

system is triggered and determine if the event is impactful or a false alarm.

It is recommended that site-specific data be collected. As per Phase 1 recommendations, a
local terrestrial weather station or ocean-based data collection platform could provide real-
time data for metocean phenomena monitoring, and importantly, start to build a baseline of
conditions. From reliable, local measurements, meaningful relationships could be established
with long-term datasets (e.g. ECMWF). The aim would be to record precipitation, wind speed,
atmospheric pressure, wave conditions and water level, with confidence and adequate
temporal resolution. Calibration of the long-term metocean datasets will likely alter both
univariate and multivariate analysis. Outcomes could include an operationally acceptable
reduction in FAR for variable-threshold combinations achieving a 100% hit rate, including
univariate approaches. This may remove the requirement for a secondary validation
mechanism. If a secondary validation mechanism is still required, site-specific data collection,

such as a flood gauge or weather station, would provide an ideal data source.

While a very large number of variable combinations and trigger logics have been tested, the
multivariate analysis could be extended to include all variable combinations, which may result
in a further decrease in FAR while maintaining a 100% Hit Rate. This could be a powerful
addition in combination with calibration/validation of global hindcast datasets. Furthermore,
anomalies were calculated to consider the event signal strength in climatology, but were not
investigated as possible sources for univariate or multivariate analysis. Neither were lag

timings and persistence between signals, which may also be a powerful predictor of impactful
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events in the AOI. Further analysis could extend the suite of univariate and multivariate tests
to reduce FAR and maintain a 100% Hit Rate.

Wave statistics have proved to be a strong indicator of impactful events. While this may be
surprising in comparison to precipitation or wind conditions, the ocean state manifests rapidly
from baseline conditions on a multiday timescale synonymous with the energy of a storm event
and persists longer than some atmospheric signals. Extreme/maximum winds can spike and
be short-lived, atmospheric pressure can recover quickly, and rainfall can be highly variable,
whereas waves require sustained forcing. It should be noted that the work completed
leverages hindcast wave conditions from a single offshore point, ~25 km southeast of the AOI.
The nearshore wave climate will very likely have a different spectral signature from the

offshore location. This also relates to the surfability analysis.

Having an upper limit on wave height in surfability is less conditional and more subjective, with
the ability of surfers in-situ playing a role in people count. Many surf breaks are considered to
have an upper level of wave height for functionality, and this may also be playing a part in a
reduction in people count as wave height increases. Actual analysis of surfing wave quality
metrics (peel angle, wave shape and ride length) against incident wave conditions would be
required to determine surf break functionality-based thresholds, instead of using people

counts as a proxy.

Determining thresholds, whether it is by the people count proxy or a more comprehensive
functionality-based approach, lends itself to developing a graded system for surfability in the
aftermath of an event, which could be translated into a digestible traffic light system and the
implementation of a combined impact-surf-based trigger. A challenge in developing a usage-
and/or access-based product is being able to account for additional variables such as water
guality, which may prevent safe access/usage to the surf break areas, despite surfers being
present and/or surf conditions being favourable. Further analysis of near-real-time satellite

imagery may reveal relationships between water colour and user numbers.

With either approach, accuracy would be improved by constructing an inshore wave climate
proximal to the AOI. This would be achieved by calibrating a numerical wave model to be
validated against collected wave data proximal to the AOI. A site-specific wave climate would
not only improve confidence in threshold analysis for impactful events and surfability, but could
be used in both flood impact modelling and, should it be required, a dedicated coastal hazard
assessment and the development of a shoreline management plan, taking into account climate

change and sea level rise, with a view to developing adaptive resilience pathways.

Collecting site-specific rainfall data would also allow for the operational implementation of flood

modelling, either as a trigger mechanism or contributing to developing a shoreline
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management plan for the sustainable development of the AOI. The flood modelling
demonstrates that flood impacts are governed by a small number of dominant and measurable
drivers, principally extreme rainfall intensity and downstream coastal water levels, and
critically, the interaction between the two. While rainfall intensity controls the magnitude and
volume of floodwater generated within each catchment, elevated coastal stages substantially
reduce drainage efficiency at estuarine outlets, amplifying flood depth, spatial extent, and
persistence in low-lying coastal settlements. The resulting compound flood response is non-
linear, with relatively modest increases in either driver producing disproportionate increases
in flood impact once key thresholds are exceeded.

The modelling identifies bridge overtopping, access route inundation, and outlet backwater
control as practical system thresholds that correspond closely with reported community
impacts during recent extreme events. These thresholds emerge consistently across severe
and upper-bound rainfall scenarios, particularly when coincident with high astronomical tides,
storm surge allowance, or future sea-level rise conditions. Importantly, these impact points
align with observable and monitorable variables, reinforcing their suitability for parametric

insurance triggers that are transparent, defensible, and operationally feasible.

Given the absence of long-term hydrometric records, the modelling adopts a conservative but
realistic approach, anchoring rainfall magnitudes to documented high-impact tropical storms
and validating system behaviour against observed flood extents, satellite imagery, and Phase
1 field observations. While uncertainties remain, particularly related to terrain resolution, small-
scale drainage features, and unmeasured flow data, these limitations do not materially affect
the comparative assessment of scenarios, nor the identification of critical flood escalation
pathways relevant to parametric trigger design. However, if a flood model were to be
integrated or be the primary tool for a PIP, key terrain and infrastructure components would
require refinement through targeted site-specific surveys (e.g. topographic and bathymetric
surveys), consistent with approaches adopted in detailed flood modelling studies (such as
those undertaken in Fiji for the Asian Development Bank; eCoast and ICEM, 2025a; 2025b).
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Appendix A.  Event Composite Plots
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