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Abstract

:

Early warnings decision support systems are recognized as effective soft adaptation tools to prepare for the impacts of imminent flooding and minimize potential injuries and/or loss of life in flood-prone regions. This paper presents a case study of a pilot project that aimed to establish an impacts-based flood monitoring, early warnings, and decision support system for the Vaisigano River which flows through Apia, the capital of Samoa. This river is located in a characteristic short and steep catchment with rapid critical flood peak durations following periods of intense rainfall. The developed system integrates numerical weather prediction rainfall forecasts, real-time rainfall, river level and flow monitoring data, precomputed rainfall-runoff simulations, and flood inundation estimates of exposure levels and threat to human safety at buildings and on roads for different return period events. Information is ingested into a centralized real-time, web-based, flood decision support system portal that enables hydrometeorological officers to monitor, forecast and alert relevant emergency or humanitarian responders of imminent flooding with adequate lead time. This includes nowcasts and forecasts of estimated flood peak time, magnitude and likely impacts of inundation. The occurrence of three distinct extreme rainfall and flood events over the 2020/2021 tropical cyclone season provided a means to operationally test the system. In each case, the system proved adequate in alerting duty officers of imminent flooding in the Vaisigano catchment with up to 24 h warnings and response lead time. Gaps for improvement of system capabilities and performance are discussed, with recommendations for future work suggested.
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1. Introduction


Flood-related events have been the most frequent natural hazard disaster type between 2000–2019, incurring the largest average annualized losses at a global scale compared with any other natural hazard [1,2,3,4]. Soft adaptation approaches such as early warnings systems are considered effective tools that enhance the safety and resilience of people to the impacts of flood events (e.g., [5,6,7,8]). Indeed, it has become widely accepted that real-time monitoring and early warnings systems provide necessary information tools that enable people living in exposed areas to respond accordingly in order to minimize potential injuries, loss of life and/or livelihoods (e.g., [9,10,11]).



Flash flooding in particular poses significant early warning challenges due to short catchment response times of <2–3 h compared with the time required for making informed decisions on emergency response and resourcing e.g., [12,13]. These challenges are exacerbated in ungauged catchments where people, lifelines and infrastructure are exposed e.g., [13]. While much progress has been made in weather forecasting over the last few decades [12], challenges remain in forecasting flash floods which are influenced by a combination of geomorphic, hydrological, soil moisture capacity and antecedent trigger conditions [14,15,16].



In the Pacific Small Islands Developing States (SIDS) region, weather forecasting and early warning systems (EWS) have typically taken a hazard-centric approach in terms of tracking, estimating and alerting affected people of what a specific event ‘might be’ in terms of magnitude and extent (with several hours to days lead time). Over the last decade, however, Pacific SIDS are increasingly integrating impacts-based approaches into EWSs (i.e., what a specific weather event ‘might do’ in terms of exposure and losses) [16]. These shifts reflect responses by Pacific SIDS in delivering on global and regional framework targets such as the 2015–2030 Sendai Framework targets [17], and the Framework for Resilient Development in the Pacific [18].



Extreme rainfall-induced fluvial and pluvial flooding are an annual risk faced by many populated centres in high volcanic islands across the tropical Pacific SIDS region (e.g., [19]). Many catchments in these settings are typically characterized as short and steep, with rapid critical rainfall to flood peak durations. This results in extremely limited observations-based (or nowcast) early warnings and response lead times, and motivates the shortening of alerting lead times through the incorporation of forecast-based techniques. For example, the Vaisigano River catchment in Samoa, has an extreme critical peak duration of approximately 1-h resulting in very short warnings and response lead times.



In this paper, we present a case study of a pilot impacts-based flood early warning decision support system developed for the Vaisigano River which flows through the Samoan capital of Apia. The aim of the pilot was to implement a context-specific, real-time, automated river monitoring and forecast-based flood early warnings decision support system capable of alerting hazard monitoring and emergency responders of imminent flooding with up to 24–48 h lead time. We describe the methods and analysis used in the development of different system components, including a web-based information portal which enables interaction with the decision support information tools. We discuss the practical implications of the developed system based on operational testing during the 2020/2021 tropical cyclone season in Samoa, with recommendations offered for future research.




2. The Vaisigano Catchment


The Vaisigano catchment is located in the central north of Upolu Island and is characterized by a short, steep, funnel-shaped drainage morphology covering an area of approximately 33 km2 [20] (Figure 1). The catchment extends approximately 12 km from sea level to an elevation of 1158 m along Upolu’s volcanic spine [20,21]. The catchment comprises three main tributaries that converge into a single channel at the Alaoa confluence approximately 4.5 km from the coastline, exiting at the Vaisigano bridge in Apia (Figure 1). It is worth noting that Apia itself is generally less than 1 m above mean sea level and was developed in a deltaic/wetland environment which multiple rivers east and west of the catchment drain through.



The average annual rainfall in the catchment is between 3000–6000 mm, with about 70% occurring during the wet or tropical cyclone season from November to April. There is an approximate 1500 mm difference between annual rainfall in the upper reaches of the catchment (e.g., Afiamalu), compared with the lower plains (e.g., Nafanua).



Morphological drainage characteristics of the catchment favour rapid-rising floods during periods of intense rainfall, with rapid critical storm peak durations of approximately 1 h which can activate ephemeral stream channels in the wider floodplain [22,23]. This will be particularly exacerbated by ongoing climate change where rainfall intensities are estimated to be more severe in the Samoa region by the year 2100 [24].



Urban growth accompanied by residential and commercial development in the floodplains over the last century have rendered a significant proportion of infrastructure and up to several thousand people exposed to the potential impacts of flooding. Indeed, this was demonstrated by several flood events which occurred this millennium: the 2001 [21], 2012 [25], and 2018 [26] flood events. Up to 14 people lost their lives in the 2012 event, with up to US$204 million in damage and losses [27]. The 2012 disaster triggered significant national investment in hard and soft adaptation measures aimed at enhancing the safety and resilience of assets within the catchment, and minimize the impacts of future events in the light of changing climate (e.g., [27,28]). A key soft adaptation investment was to enhance real-time river monitoring and early warnings systems which can support emergency decisions in response to imminent flooding with sufficient lead time.




3. System Development: Methodologies and Analysis


The combined physical and exposure characteristics of the Vaisigano catchment results in short flood early warnings response lead times using observation-based monitoring (or nowcasting) systems only. Hence, the incorporation of a real-time forecast-based solution was required to enable longer lead times. In addition, the inclusion of accurate precomputed hazard exposure representations depicting the likely magnitude and extent of forecast flooding as well as areas/assets that could be affected, would provide necessary response planning tools that enable prioritization of emergency resources (including the identification of potential recovery needs).



The necessity for a precomputed impacts forecast approach recognizes the current technological and financial limitations in rapidly simulating accurate two-dimensional (2D) flood inundation models with only a few hours of warning lead time. Here, we describe the data, methodologies and analysis undertaken to develop the Vaisigano flood decision support system (FDSS) framework which encompasses these various capabilities (Figure 2).



3.1. Observations and Forecast Data


Near real-time rainfall and river stage/flow monitoring data from gauges located within and around the Vaisigano catchment (Figure 1) provided a basis for developing the observations-based elements of the system. Five (5) minute rainfall data are telemetered from each rain gauge every 10 min via dual mobile (primary) and satellite (backup) communications networks, which are accessible through a web-based telemetry management system (MNRE-NEON) administered by the Samoa Ministry of Natural Resources and Environment (MNRE) (Figure 2) [29]. Similarly, 5-min stage and flow data from each river gauge are telemetered via dual communications, although data packets are sent every 5 min. These data were used along with historical hindcast analysis, described in the sections below, to formulate empirical-based flood thresholds and predictive nowcasting tools capable of alerting flood monitoring and emergency responders of imminent flooding with up to 3-h lead time.



The Weather Research and Forecasting (WRF) numerical weather prediction (NWP) 3 km rainfall model, available for Samoa through the Pacific Islands Ocean Observing System (PACIOOS), provided a means to enable the forecast-based elements of the system. Forecasts of hourly rainfall intensities up to 48 h in advance are updated every 24 h, with site-specific raw data (csv files) obtained via a THREDDS Data Server (TDS) [30]. Integration of these data with the real-time observation baselines using similar empirical relationships as those developed for the nowcasting tools enabled the development of automated and manual tools capable of providing forecast-based alerts with up to 48-h lead time.



Real-time sea level data (1-min) from the Apia tide gauge accessible via the Climate and Oceans Support Program for the Pacific (COSPPac) enabled the tidal state and residual coinciding with a nowcast/forecast flood event to be monitored. This provides a proxy for understanding the effect this might have in exacerbating surface flooding in the coastal, lowest reaches of the catchment.




3.2. Flood Frequency Analysis


Rainfall and river flow thresholds for different return period events were required to produce representative real-time forecasts of flood magnitude (up to 48 h lead time), and corresponding precomputed hazard exposure.



3.2.1. Rainfall Analysis


Five (5) and ten (10) minute historical rainfall data held within the Samoa Tideda hydrological and Climate Database for the Environment (CliDE) archives were used to assess and/or validate previously established rainfall return period thresholds (Table 1) [22].



Both daily and sub-daily records for Afiamalu, Nafanua, Alaoa, Le Pue and Tiavi sites were particularly crucial as they represented the spatial variability of available data within the catchment (Figure 1), with maximum daily rainfall extremes of over 400 mm recorded at Afiamalu, Nafanua, and Alaoa. The most significant large rainfall event since 2010 was associated with tropical cyclone Evans in 2012. Overall rainfall records suggest that the event was between a 20- to >100-year return period event (5% to <1% annual exceedance probability), and was compounded by antecedent rainfall of 174 mm at Afiamalu and 120.5 mm at Alaoa during the preceding 24-h period. This caused multiple landslips within the catchment [25]. On average it was estimated that up to 206 mm of rainfall fell within a 2-h period [31]. The 24-h rainfall recorded at Afiamalu was 413.8 and 467 mm at the Alaoa gauge. Other gauges within the catchment recorded less (e.g., 144 mm at Apia and 207 mm at Nafanua), illustrating the high spatial variability of rainfall even for large events. Maximum hourly rainfall for the on 13 December 2012 event varied from 56 mm/hour between 12 and 1pm to 85 mm/h from 2 to 3pm at Afiamalu, and from 12.2 to 156.8 mm/hour at the Alaoa gauge [31]. Again, this illustrates the local spatial variability of rainfall in the catchment.



Data from seven operational rain gauges located within or near the catchment (i.e., Afiamalu, Nafanua, Alaoa, Mt Le Pue, Tiavi, Maagiagi and Togitogiga) were used to produce area-weighted catchment averaged rainfall and rainfall-surface runoff relationships (detailed in Section 3.2.2), to enable reliable estimation of real-time nowcast and forecast peak flow and level for river gauges at Alaoa West, Alaoa East and Lelata Bridge (Figure 1). Thiessen polygons were drawn around each of the above rainfall gauges with only the gauges at Nafanua, Afiamalu, Maagiagi and Le Pue intersecting with the polygons (Figure 3). This enabled calculation of the area associated with each rainfall polygon (Equation (1)) to underpin the estimation of area-weighted average rainfall for each sub-catchment (Equations (2)–(4)):


[(Area ‘0’ × Rain@Nafanua) + (Area ‘2’ × Rain@Afiamalu) + (Area ‘3’ × Rain@LePue) + (Area ‘4’ × Rain@Tiavi) + (Area ‘5’ × Rain@Togitogiga)] + (Area ‘6’ × Rain@Maagiagi)/Total area of catchment



(1)






Lelata catchment average rainfall = [ (6.53 × Rain@Nafanua) + (8.39 × Rain@Afiamalu) + (5.31 × Rain@LePue) + (0.67 × Rain@Tiavi) + (0.17 × Rain@Togitogiga) + (11.03 × Rain@Maagiagi)]/32.11



(2)






Alaoa East catchment average rainfall = [ (0.93 × Rain@Nafanua) + (0.17 × Rain@Afiamalu) + (5.27 × Rain@LePue) + (0.02 × Rain@Tiavi) + (0.17 × Rain@Togitogiga) + (10.48 × Rain@Maagiagi)]/17.04



(3)






Alaoa West catchment average rainfall = [ (1.39 × Rain@Nafanua) + (7.94 × Rain@Afiamalu) + (0.05 × Rain@LePue) + (0.65 × Rain@Tiavi)] + (0.55 × Rain@Maagiagi)/10.57



(4)







If one or more rain gauges breaks down or becomes faulty, then the following assumptions are applied:




	
If Tiavi data are missing then use data from the next closest gauge (which in order of priority) Le Pue, Afiamalu, Togitogiga, Maagiagi, Alafua, or Nafanua;



	
If Le Pue data are missing then use data from the next closest gauge (which in order of priority) Tiavi, Togitogiga, Afiamalu, Maagiagi, Nafanua, or Alafua;



	
If Togitogiga data are missing then use data from the next closest gauge (which in order of priority) Le Pue, Tiavi, Maagiagi, Afiamalu, Nafanua, or Alafua;



	
If Afiamalu data are missing then use data from the next closest gauge (which in order of priority) Maagiagi, Le Pue, Tiavi, Alafua, Nafanua or Togitogiga; and



	
If Nafanua data are missing then use data from the next closest gauge (which in order of priority) Alafua, Afiamalu, Maagiagi, Le Pue, Tiavi or Togitogiga.








Rainfall thresholds for design event durations were identified using rainfall intensity-duration-frequency (IDF) curves previously established at Afiamalu (Table 2) [22,23,32]. These were used to identify thresholds required to trigger early warnings for a given real-time nowcast or forecast event. For example, 1-h rainfall intensity of 156.8 mm observed at Afiamalu during the 2012 flood represents an event greater than a 100-year return period event (Table 2).




3.2.2. Flood Stage and Flow Thresholds


Stage and flow data from the operational gauges at Alaoa West, Alaoa East and Lelata were used to identify/monitor flow thresholds that are expected to be exceeded based on real-time observations/forecasts of rainfall. Long-term records at these sites along with a rating curve developed in [22] for flows up to 15 m3/s at the Alaoa East gauging station were used. The associated rating equations for different stage-flow ranges at Alaoa East up to a stage of 3.2 m and discharge of 75 m3/s are shown in and are summarized in Table 3.



These stage-discharge data, along with preliminary analysis by [23], provided a basis to derive flood frequency distributions from Alaoa East (Table 4). For design events up to the 10-year return period (10% annual exceedance probability), the flow magnitudes were within 10% of previous flow estimates as detailed in [33]. For higher magnitude design events, flows have increased from those previously available (e.g., the 100-year return period event increased from 331 to 542 m3/s) (Table 5) [23].



Modelled flow levels at Lelata for the 5-, 20-, 100- and 1000-year return period events were derived using the area weighted sub-catchment areas and rescaling of peak flows to Alaoa East and Alaoa West (Table 5). Compared to the values shown in Table 5, the rescaled flows for Alaoa East are higher for the 5- and 20-year return period conditions but are lower for the 100- and 1000-year return periods. Similar trends are reflected at the Lelata gauge site [23].





3.3. Peak Flow Estimation


Forecasts of peak flows estimated using the relationships described in Section 3.1 and Section 3.2 for the Alaoa East gauged site were used to provide short-term warnings of potential high flows at this location; based on observed/nowcast rainfall and stage-flow as well as forecast rainfall sourced from the WRF model (see Figure 2). This site is particularly important due to the absence of reliable gauged data at the Lelata and Alaoa West sites. A unit hydrograph approach was used to predict the flood hydrograph at this site using the procedure adapted from [34]. This approach was used because of the lack of detailed soil or vegetations maps at the site that could be used to inform a more physically based model. Also, as the model was to be hosted by a web-based service, it was more convenient to use an empirical-based model that could be hard-coded into the system. The key steps involved in developing the model included:




	
Identifying observed flow data for the given catchment. These data should be available in the required temporal resolution (duration) of the unit hydrograph (e.g., 10-min, 1 h or 3 h);



	
Identifying an appropriate flow event (i.e., where river flow starts and ends at a common baseflow value and exhibits a standard hydrograph shape);



	
Plotting the direct runoff hydrograph (i.e., observed flow/baseflow) and then calculate the area under the hydrograph curve to determine the volume of runoff for the event (trapezoidal method);



	
Calculating the rainfall excess (mm) by dividing the volume of runoff by the catchment area (m2); and



	
Calculating each temporal ordinate of the unit hydrograph by dividing each observed discharge ordinates (t1, t2, t3, …, tx) by the excess rainfall figure described above.








To use the unit hydrograph to predict the direct runoff resulting from each 1 mm of rainfall, the following steps were used:




	
Subtract the estimated ‘rainfall loss’ from the rainfall timeseries to get ‘effective rainfall’;



	
Multiply each rainfall value by the unit hydrograph to obtain multiple direct runoff hydrographs (one for each rainfall increment, and each lagged by a successive time increment); and



	
Calculate the sum of all the direct runoff hydrographs and add the baseflow component of observed data to obtain the flow timeseries.








Implementation of the unit hydrograph method in the FDSS allowed the starting condition (baseflow) to be determined from observed conditions. In addition, the rainfall loss factor was made dependent on antecedent rainfall conditions, thus acting as a surrogate for the extent of soil saturation at the start of each storm event.



Flow event data, which captured the extreme flood in 2012, were used to calculate the 10-min unit hydrograph at Alaoa East, as both the rainfall and flow data were available in 10-min increments during this period. For each identified event, a baseflow value was calculated from the flow before rainfall commenced. The 10-min data were re-scaled to create a 1-h unit hydrograph which we use to predict flow from real-time forecast rainfall data.




3.4. Alert Thresholds


Flood thresholds used to trigger an alert were primarily based on the rainfall and water-level thresholds described in Section 3.2 and Section 3.3. In addition, rainfall thresholds identified from IDF curves derived for American Samoa [22,33] were used to compensate for data gaps or short available records within the Vaisigano catchment. A simplified schema showing the analytical data flow from real-time observations and forecasts to alert triggers are shown in Figure 4.



Observed water level alerts are determined directly from in-catchment water level gauges at Lelata, Alaoa East and Alaoa West. The thresholds (5-, 20-, 100-, 1000-year return periods) at which an alert is signalled are based on those identified within the most recent flood modelling of the catchment presented in [23]. Thresholds for the Alaoa East and Alaoa West site were derived by rescaling the estimates for the Lelata using flow per unit area.



Observed rainfall alerts are based on information taken from [22], i.e., from data that have been derived for American Samoa [33]. Rainfall thresholds can be either a rainfall intensity or a total amount of rain over a specified period. Observed rainfall is also used to predict water level at each river gauging station, enabling advanced warning of up to 1 h or more depending on rainfall intensity, of the likelihood of water level thresholds being exceeded at those locations.



Two NWP sources provide medium-term rainfall forecasts:




	
Weather Research and Forecasting Model (WRF) (3 km resolution) 1-h rainfall, available at 00 UTC, for a 7-day window; and



	
NOAA Global forecast systems (GFS) forecast (~20 km resolution) 3-h rainfall, available at 00, 06, 12, 18 UTC, for a 10 day window.








Alert signal thresholds for forecast rainfall in addition to observed rain and water levels, include:




	
A threshold of 5 mm/10-min to indicate risk of flooding;



	
A threshold of 25 mm/12-h for two consecutive timeframes is also used to indicate increased flood risk;



	
A threshold of 75 mm/24-h used to indicate increased flood risk.








Flood warnings issued by MNRE are conveyed via available communications outlets (e.g., website, national media stations, social media), and guided by the MNRE Forecast Operations Plan [35].




3.5. Flood Hazard and Impacts Analysis


To facilitate the rapid representation of inundation hazard and exposure for a given forecast flood magnitude, it was necessary to compile a library of precomputed scenarios corresponding to the given forecast flood event. This was particularly crucial due to the flashy nature of the Vaisigano catchment and current computational limitations in simulating real-time, on-the-fly, hydrodynamic simulations of flood hazard intensity. To this end, the multi-hazard model framework supported by RiskScape software [36] was configured to analyse building and road exposure to flooding hazards. The RiskScape software engine combines spatial layers representing hazards and exposures (i.e., elements at risk) with vulnerability functions in a model workflow to quantify the impacts from hazard events. Here, we used flood hazard layers represented by available TuFlow 2D flood inundation modelled depth and velocity hazard intensities (2 m grid resolution) for the 2-, 5-, 20-, 100- and 1000-year return period flood scenarios [22]. These were intersected with exposure layers representing building polygon and road polyline features to calculate metrics on the exposure and threat to safety at building and road locations (Figure 5).



The hydraulic model was configured by Filer et al. (2019) [22] using a rectangular grid domain (5.3 × 7.5 km), with base topography and nearshore bathymetry derived using the 5 m LiDAR digital elevation model (DEM) produced in [37]. DEM modifications enabled hydraulic features such as river channels and infrastructure (e.g., road crests, bridges, culverts) to be represented in the model outputs. Variable roughness was applied to represent different land uses and ranged from Manning’s coefficients of 0.02 (roads, car parks) to 0.3 (buildings). The model was calibrated against the 2012 and 2018 flood events, with the results showing good modelled-to-observed water levels within a desirable tolerance of 0.25 m [22].



The flood hazard layers are representative of existing mitigation works in the Vaisigano catchment (e.g., levee segments) as well as the rainfall and river stage-flow relationships described in Section 3.2 and 3.3. In addition, each hazard layer represents the estimated flood hazard intensities coinciding with storm/high tide to provide conservative indications of expected impacts to a forecast flood event. Digital building outlines used in this analysis were obtained from the 2009 Pacific Catastrophe Risk Assessment and Financing Initiative (PACRAFI) database available for Apia [38]. This polygon dataset was manually updated in QGIS software using 2020 Google satellite base imagery to include outlines of new buildings constructed since 2009, and exposed to the 1000-year maximum available scenario. Road polylines were obtained from the Open Street Map (OSM) database [39], and split into 10 m segments. These provided the input exposure layers for RiskScape to calculate flood exposure metrics (building count and road length) and human threat to safety at building and road locations (Figure 5).



Threat to safety functions represent the human stability response to maximum flood depth-velocity (DV) at building locations [40]. Here, ordinal categories (e.g., none, low, medium high, extreme), describe the relative threat to a person’s safety at ground-level for each building location and 10-m road segment. Similar categories determine the safety of persons located in a vehicle (e.g., sedan, truck, fire-engine) at the time of maximum flood DV on roads [41]. Human threat to safety for each flood event was reported at feature- and village-scale web-supported GIS files for ingestion and display as decision-ready maps and tables on the FDSS portal.





4. Flood Decision Support System (FDSS): Operations Portal


The FDSS Portal provides a centralized web-based information interface/dashboard that incorporates multiple information tools, enabling MNRE and other authorized operators to monitor and predict/forecast imminent flood events in real-time. This includes rapid access to decision-ready tools for determining the potential impacts in advance. The portal is built within the Climate Data for the Environment Services application Client (CliDEsc) framework [42] and provides a flexible platform for future MNRE data visualization needs.



The portal is cloud-based and is password-protected. It can be configured to enable additional or new data/information sources required to support hydrometeorological or climate operational decision-making as these needs arise in future. Information ingested and displayed within the Vaisigano FDSS includes (Figure 6), but is not limited to:




	
Real time rainfall and river stage data from monitoring stations within and surrounding the Vaisigano catchment;



	
Real time sea-level data from the Apia tide gauge;



	
Nowcast (observations-based) flood prediction tool;



	
Real time NWP (WRF 3 km) rainfall forecasts and flood forecast tools; and



	
Pre-computed flood hazard and exposure/impacts maps and data tables for available flood scenarios.









5. System Performance


Significant rainfall events which occurred during the 2020–2021 tropical cyclone season provided a basis to operationally test the system and identify ongoing gaps for future development. In particular, the rainfall events on 18 December 2020, 7 January and 22 February 2021 proved useful in assessing the efficiency of the prediction model. Figure 7 illustrates the river levels recorded at Alaoa East and Lelata flow gauging stations from the 15 to 19 December 2020 [43], associated with the 18 December 2020 flooding. Higher rainfall was observed at Afiamalu rainfall station than Le Pue during this period highlighting the high local spatial variability in the catchment (as previously described in Section 3.2). Whilst the 5-, 10-, and 60-min rainfall intensities at Afiamalu were all less than 1-year return period flood, the 24-h rainfall accumulation of 392 mm from 2 pm on the 17 to 18 December was greater than a 25-year event (Table 5). For the same period, 316 mm of rainfall was recorded at the Le Pue site, equivalent to between a 5- to 10-year event [33].



The data at this and subsequent events on 7 January 2021 and 22 January 2021 have been used to validate and improve the prediction accuracy of the FDSS system by increasing the amount of data that the 10-min and 1-h unit hydrographs are based upon. That is, these recent extreme events have extended the pool of data from which the hydrographs are derived.



Modelled stage at Alaoa East are also shown in Figure 7. It should be noted that the river stage is based on area-weighted rainfall for the Alaoa East catchment and correlation of modelled and observed flows yielded an R2 value of 0.87 for this event.



Uncertainty


The current system was developed under conditions of data scarcity and discontinuity. Uncertainty surrounding the validity of rating curves for each streamflow dataset presented a particular challenge. The uncertainty is produced because of limited opportunity to measure river flows during high flow conditions, and ongoing changes in channel morphology during such conditions without associated changes to the rating curve information. For example, it can be seen in Figure 7 that the flood peak at the Lelata site on 18th December 2020 was not recorded because the river over-topped the monitored channel at just below 2 m and resulted in a flat hydrograph. Limited data for the development of river rating curves mean that assumptions made during construction of the unit hydrographs will impact the performance of the model in predicting the magnitude of peak flows.



A second source of uncertainty lies within the area-weighted rainfall estimates used by the model for each catchment, which despite being informed by new rain-gauges within the catchment will be susceptible to errors for spatially heterogeneous storm events. The impact of rainfall estimation uncertainty on model performance at this site will be reported in a subsequent publication.



To improve model performance, the model was calibrated using the rainfall loss factor which was dynamically set to reflect different antecedent soil moisture at the start of each rainfall event. It should be noted, however, that the model was less accurate at predicting lower peak flows.





6. Practical Implications


This pilot has demonstrated the suitability of integrating real-time forecast with observations of rainfall, river level/flow and precomputed representations of flood magnitude and exposure to warn responders of imminent flooding with adequate alert lead times in a short, steep, flashy tropical Pacific catchment. Indeed, this was exemplified by the extreme rainfall and subsequent flooding on 18 December 2020. In this case, responders were alerted up to 24 h lead time, enabling an evidence-based evacuation of affected residents several hours before the Vaisigano River overtopped its channel.



While the developed FDSS tools have proven effective in helping to inform evacuation response decisions which minimize the threat of injuries and loss of life, key challenges to guide future work include, but are not limited to:




	
Implementing a regular programme of flow gaugings, in particular during and after high flow events to improve existing rating curves and unit hydrograph calibrations used in the FDSS predictive models;



	
Statistical downscaling of NWP models for Samoa to finer grid resolutions, as well as more frequent real-time updates consistent with the GFS/ECMWF forecast frequencies (e.g., [44,45]). This includes the refinement of rainfall IDF’s at key sites and ingestion of additional forecast models where available for Samoa;



	
Application of new impacts/exposure forecasting techniques using statistical, precomputed, metamodeling approaches (e.g., [46,47, 48]); and



	
Assessing community perspectives in relation to warnings communications and response behaviour to progress towards the integration of a more people-centred approach to early warnings systems (e.g., [,49, 50, 51]).








Nevertheless, the FDSS provides a first order solution towards impacts-based forecasting for the Samoa region which is consistent with Pacific [16,18] and international [17] efforts. Future extension of the framework to build on the capabilities developed in this pilot would help to safeguard the effectiveness of the FDSS in minimizing flood threats to injury, lives and livelihoods in Samoa, with potential applications to similar SIDS contexts.




7. Conclusions


This paper aimed to describe a pilot flood decision support system (FDSS) for the Vaisigano River, Samoa, which is comprised of a suite of integrated rainfall/river observations and forecast tools that are linked with precomputed hazard exposure scenarios to enable real-time flood-impacts warnings forecasting for the Vaisigano catchment.



A number of challenges face the development of such systems in data sparse areas. In particular, the availability of sufficient and consistent historic rainfall and flow data is required to design, calibrate and validate even parsimonious runoff models such as those used in the developed system. Despite such challenges, this study illustrates that it is possible to develop an early warning system by identifying specific thresholds of hazard (flood) occurrence and then targeting prediction capability on those thresholds. Although, the absence of soil and vegetation data as well as the need for model parsimony were pivotal in the decision to use the unit hydrograph approach for peak flow prediction.



The effectiveness of the developed FDSS was demonstrated in the lead up to the 18th December 2020 extreme rainfall and flooding, whereby residents in affected floodplains were successfully warned and evacuated several hours prior to river channel overtopping. This was achieved through the use of a multi-layered warning system that provided 1-h resolution rainfall and river level forecasts (30-h into the future); 10-min resolution prediction of rainfall and river level (24-h into the future); and real-time rainfall and river level monitoring.



While this pilot provides a benchmark for future work and extension to other catchments in the Samoa region, the findings offer a conceptual framework for developing similar impacts-based flood decision support systems in comparable Pacific Islands and SIDS contexts.
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Figure 1. Monitored sub-catchments in the Vaisigano River catchment boundary showing perennial and ephemeral tributaries in relation to the downstream urban areas of Apia. The distribution of rainfall and river level/flow monitoring stations used in this study are shown. 
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Figure 2. Simplified flood decision support system (FDSS) schema showing key data components and information workflow. Real-time observations (or nowcast) and forecast data are integrated with a library of precomputed flood hazard and impacts data, which are accessible to local operators as decision-ready tools on a web-based portal. This relatively low-cost FDSS was developed between February 2020 and April 2021. 
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Figure 3. Thiessen polygons for automatic rain gauges (ARG) and automatic weather stations (AWS) in or near the Vaisigano catchment. 
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Figure 4. Schematic of alerting criteria used to indicate increased flood risk. This is pre-configured and displayed on the predicted ‘Flood Status’ and ‘Peak Expected Time’ tools on the flood decision support system (FDSS) web-portal. 
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Figure 5. Conceptual representation of the impact model workflow in RiskScape. Here, flood inundation depth (D) and depth-velocity (DV) represent hazard layers, building and road objects represent exposure layers, with impacts calculated from vulnerability functions relating D and DV hazard with building and roads exposure and threat to safety levels. 
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Figure 6. Vaisigano flood decision support system (FDSS) web-portal interface tools (example forecast event only). In this example, time series of forecast flood peak and magnitude at river gauge sites along with corresponding maps/tables of flood hazard and human safety at building/road locations are displayed. 






Figure 6. Vaisigano flood decision support system (FDSS) web-portal interface tools (example forecast event only). In this example, time series of forecast flood peak and magnitude at river gauge sites along with corresponding maps/tables of flood hazard and human safety at building/road locations are displayed.



[image: Water 13 03371 g006]







[image: Water 13 03371 g007a 550][image: Water 13 03371 g007b 550] 





Figure 7. (a) Forecast rainfall for 9am on 18th December 2020 local Samoan time (WRF model issued at 0000 UTC on 17th December 2020). (b) Observed 5-min and (c) 10-min river stage at Lelata and Alaoa East river gauging sites, and weighted rainfall for Alaoa East associated with the 18th December 2020 flooding. 
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Table 1. Historic rainfall and flow timeseries for the Vaisigano catchment used in this study.
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	Parameter
	Monitoring

Station
	2009
	2010
	2011
	2012 1
	2013
	2014
	2015
	2016
	2017
	2018 2
	2019
	2020





	Rainfall
	Lake Lanotoo
	
	
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓



	
	Mt. Le Pue
	
	
	
	
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	



	
	Tiavi
	
	
	
	
	
	
	✓
	✓
	✓
	✓
	✓
	



	
	Alaoa West
	
	
	
	
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓



	
	Afiamalu AWS
	
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓



	
	Nafanua AWS
	
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	



	River Level
	Lelata Bridge
	
	
	
	
	
	
	
	
	
	✓
	✓
	✓



	
	Alaoa West
	
	
	
	
	
	
	
	
	
	✓
	✓
	



	
	Alaoa East
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓







1 Tropical cyclone Evans impacted Samoa between 11–15 December 2012. 2 Tropical cyclone Gita impacted Samoa on 8–9 February 2018.
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Table 2. Intensity-Duration-Frequency (IDF) threshold values used in this study.
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Duration

	
Rainfall Intensity (mm/h) for Different Return Period Events 1




	
1 in 5 Year

	
1 in 10 Year

	
1 in 25 Year

	
1 in 50 Year

	
1 in 100 Year






	
5-min

	
313

	
365

	
412

	
450

	
493




	
10-min

	
242

	
283

	
320

	
350

	
382




	
15-min

	
204

	
240

	
270

	
295

	
323




	
30-min

	
142

	
166

	
187

	
204

	
223




	
1-h

	
90

	
105

	
119

	
129

	
142




	
2-h

	
57

	
66

	
72

	
80

	
87




	
3-h

	
40

	
47

	
50

	
57

	
62








1 Thresholds for additional design event durations (up to 60-day duration and 1000-year return period) were adapted from American Samoa based on similar catchment characteristics identified in [33].
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Table 3. Rating curve equations for different stage-flow ranges at Alaoa East river gauge.
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	Stage (m)
	Discharge Equation (m3/s)





	0 to 0.125
	Discharge = 0.470 × Stage1.232



	>0.125 to ≤0.375
	Discharge = 0.470 × Stage1.233



	>0.375 to ≤0.6
	Discharge = 0.470 × Stage1.234



	>0.6 to ≤0.825
	Discharge = 2.799 × Stage3.807



	>0.825 to ≤1.0625
	Discharge = 2.374 × Stage3.345



	>1.0625 to ≤1.3125
	Discharge = 2.364 × Stage3.261



	>1.3125 to ≤1.5625
	Discharge = 2.421 × Stage3.114



	>1.5625 to ≤1.825
	Discharge = 2.455 × Stage3.076



	>1.855 to ≤2.1125
	Discharge = 2.424 × Stage3.101



	>2.1125 to ≤2.375
	Discharge = 2.409 × Stage3.110



	>2.375 to ≤2.85
	Discharge = 2.710 × Stage2.965



	>2.85
	Discharge = 4.360 × Stage2.446
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Table 4. Design event flows for Alaoa East station adapted from [23].
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Return Period (Years)

	
Design Event Flows at Alaoa East Gauge (Eastern Catchment)

	
Design Flows at Electric Power Corporation Weir

(Eastern, Central and Western Catchments) (m3/s)




	
Flow (m3/s)

	
Level (m Gauge Datum)






	
1

	
17

	
1.7

	
29




	
2

	
41

	
2.6

	
69




	
5

	
82

	
3.2

	
139




	
10

	
131

	
3.6

	
222




	
20

	
204

	
4.0

	
346




	
50

	
358

	
4.8

	
608




	
100

	
542

	
5.4

	
921




	
200

	
814

	
6.4

	
1384




	
500

	
1382

	
7.8

	
2350




	
1000

	
2052

	
9.3

	
3489
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Table 5. Predicted critical rainfall characteristics for 5-, 20-, 100- and 1000-year return period and associated predicted flows at Lelata Bridge and re-scaled critical flows for Alaoa East and Alaoa West using catchment areas.
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Return Period Event

	
Source




	
5-Year

	
20-Year

	
100-Year

	
1000-Year






	
Rainfall

	
Total (mm)

	
93.5

	
127.0

	
133.7

	
337.3

	
[33]




	

	
Duration (mins)

	
45.0

	
60.0

	
45.0

	
45.0

	
[22]




	

	
Intensity (mm/h)

	
133.2

	
127.0

	
190.5

	
240.4

	
[32], estimated from 30 and 60 min for the 45 min critical duration events




	
Flow (m3/s)

	
Lelata Bridge

	
550.0

	
690.0

	
862.0

	
1137.0

	
[22]




	

	
Alaoa East

	
292.0

	
366.0

	
458.0

	
604.0

	
Scaled by area from the Lelata Bridge model in [22]




	

	
Alaoa West

	
181.0

	
227.0

	
284.0

	
374.0

	
Scaled by area from the Lelata Bridge model in [22]
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