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Flash floods in humid tropical mountain basins are highly destructive hydrometeorological hazards, yet comparative studies that integrate geomorphological and hydrometeorological conditions remain limited. This study aims to identify and synthesize potential flash flood dynamics in three mountain basins in Sumatra, namely the Peusangan, Wampu, and Anai basins, through an integrated analysis of six key parameters: basin morphometry, high landslide susceptibility zones on steep slopes, land use related modeled runoff potential, event rainfall, antecedent wetness, and antecedent soil moisture. The results indicate that the three basins exhibit contrasting physical characteristics and hydrological response potential. The Wampu Basin has the highest drainage density, at 5.41 km/km2, but also the longest time of concentration, at 28.8 h, whereas the Anai Basin has the shortest time of concentration, at 5.8 h. Spatial linkage between susceptible slope areas and the river network is stronger in the Peusangan and Anai basins, whereas in the Wampu Basin, 47.0% of susceptible slope areas are located more than 500 m from the drainage network. Land use related modeled runoff potential is most evident in the Peusangan Basin, where the runoff coefficient increases from 0.34 to 0.36 and runoff volume increases from 82.67 to 87.91 million m3, while changes are more limited in the Wampu and Anai basins. From a hydrometeorological perspective, event rainfall estimates range from 8.1 to 13.4 mm/h, while 5 day antecedent rainfall reaches 114.4 to 186.5 mm. Satellite and reanalysis based antecedent soil moisture indicators suggest wet to high moisture conditions before the events, with near saturated and saturated classes present within the basins. Overall, potential flash flood dynamics in these humid tropical mountain basins can be interpreted through the combined information from preconditioning factors and triggering rainfall. The comparative framework developed in this study provides a basis for preliminary flash flood assessment and disaster risk reduction in data scarce humid tropical regions.
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1 Introduction

Flash floods are among the most destructive hydrometeorological hazards because they develop rapidly, provide very limited warning time, and generate high energy flows that can cause severe damage to infrastructure, settlements, and human safety (Marchi et al., 2010; Al-Rawas et al., 2024). Their significance becomes even greater in humid tropical mountain environments, where intense rainfall, steep relief, and rapid basin response create favorable conditions for destructive flood processes (Wohl et al., 2012; Quichimbo-Miguitama et al., 2024; Azizah et al., 2022). In this context, understanding the physical and hydrometeorological conditions associated with flash flood occurrence is essential not only for interpreting documented events, but also for strengthening the scientific basis of disaster risk reduction and flash flood preparedness (Borga et al., 2014; Stoffel et al., 2016).

Flash floods are not determined by event rainfall alone (Borga et al., 2011; Gaume et al., 2009). Previous studies have shown that flash flood response can be interpreted through the interaction among basin morphometry, drainage network efficiency, slope conditions, upstream instability, land use, soil infiltration capacity, antecedent wetness, and short duration triggering rainfall (Borga et al., 2014; Azizah et al., 2019; Andrieu et al., 2021). In this process based understanding, flash flood dynamics refers to the way preconditioning factors and triggering rainfall interact to shape flash flood response within a basin. Flash floods are therefore better understood as events associated with combined preconditioning and triggering factors rather than as the response to a single parameter (Liu et al., 2018; Zhao et al., 2019; Marchi et al., 2010). In this context, landslide susceptibility is relevant to flash flood analysis because susceptible hillslope areas may contribute material to river channels when source areas are hydrologically and geomorphologically connected to the drainage network. This process may increase sediment availability, reduce channel conveyance, and contribute to sediment laden or debris rich flash flood flow during intense rainfall events (Borga et al., 2014; Catane et al., 2012). Studies on rainfall thresholds for landslides further show that triggering rainfall needs to be interpreted together with antecedent rainfall, soil moisture, and local physical conditions because these factors influence slope and runoff response (Gonzalez et al., 2024; Yuniawan et al., 2022; Zhang et al., 2022).

However, much of the current conceptual understanding of flash floods has been developed from studies in subtropical and temperate regions (Marchi et al., 2010; Ma et al., 2018; Bae et al., 2018; Spitalar et al., 2014), whereas studies from humid tropical mountain basins remain relatively limited. This gap is important because humid tropical basins are characterized by high rainfall input, rapid hydrological response, intense weathering, steep relief, and abundant material supply (Wohl et al., 2012; Azizah et al., 2022; Muñoz-Villers and McDonnell, 2013; Beck et al., 2013; Labrière et al., 2015). Studies from tropical regions indicate that hydrological extremes and basin response in wet environments are influenced by the interaction between rainfall and basin physical characteristics, yet comparative analyses across mountain basins that integrate geomorphological characteristics, slope conditions, land use, and antecedent wetness within a single framework remain limited (Espinoza et al., 2022; Macalalad et al., 2021; Gonzalez et al., 2024; Nofita et al., 2025).

In Sumatra, previous studies from mountain basins indicate that flash floods and related hazards develop through the interaction of physiographic and hydrometeorological factors (Thoha et al., 2023; Azizah et al., 2022; Syofyan et al., 2025). These factors include rainfall and antecedent rainfall, steep slopes, geological conditions and landslides, soil infiltration capacity, land use change, and basin runoff response (Azizah et al., 2019; Ilhamni et al., 2023; Amri et al., 2023; Nofita et al., 2025). Findings from North Sumatra, Aceh, and West Sumatra consistently highlight the importance of topography, soil conditions, erosion, landslides, land use, and hydrological conditions in shaping the response of mountain basins (Azizah et al., 2021; Azmeri et al., 2016; Azmeri and Isa, 2018). Taken together, these findings suggest that flash flood dynamics in Sumatra are better understood through multiple interacting physical and hydrometeorological conditions rather than rainfall at the time of the event alone (Thoha et al., 2023; Azizah et al., 2022; Syofyan et al., 2025; Andriani et al., 2024).

This study aims to identify and synthesize potential flash flood dynamics in three mountain basins in Sumatra, namely the Peusangan, Wampu, and Anai basins, through an integrated analysis of six key parameters: basin morphometry, high landslide susceptibility zones on steep slopes, land use related modeled runoff potential, event rainfall, antecedent wetness, and soil moisture. Although these parameters have been addressed in previous studies, this study applies them within a common comparative framework across three documented flash flood events in humid tropical mountain basins. The three basins were selected to provide a basis for examining variations in basin characteristics, hydrometeorological conditions, and flash flood response within a comparable regional setting. By doing so, this study provides a comparative basis for interpreting potential flash flood dynamics in humid tropical mountain basins and for informing preliminary disaster risk reduction assessment.



2 Study area

Our study sites are located on Sumatra Island, Indonesia, which lies within the humid tropical climatic zone. This study was conducted in three river basins, namely the Peusangan, Wampu, and Anai basins (Figure 1), which have experienced recurrent flash flood events. Administratively, the Peusangan Basin is located in Aceh Province, the Wampu Basin in North Sumatra Province, and the Anai Basin in West Sumatra Province. We selected the most devastating event in each basin, particularly in terms of fatalities and damage, as a case study. These events were considered to represent high impact flash flood occurrences and to provide an appropriate basis for comparative analysis (Ilhamni et al., 2023; Thoha et al., 2023; Andriani et al., 2024).
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FIGURE 1
 Location and elevation setting of the Peusangan, Wampu, and Anai basins on Sumatra Island, Indonesia. The map shows the elevation gradient associated with the Bukit Barisan mountain system, basin boundaries, rainfall stations, and the flash flood locations analyzed in this study.


The three basins are situated along the Bukit Barisan mountain range, an elongated orogenic belt that forms the main physiographic backbone of Sumatra and originated from tectonic interaction between the Indo Australian and Eurasian plates (Hamilton, 1979; Barber et al., 2005). Each basin extends from upstream to downstream areas and exhibits marked elevational contrasts, reflecting the strong topographic gradients that characterize mountain river systems in humid tropical environments.

We identified the locations of the most devastating flash flood events for each basin. In the Peusangan Basin, the event occurred on 13 September 2015 in Damaran Baru, while the events in the Wampu Basin and the Anai Basin occurred on 2 November 2003 in Bukit Lawang and 11 May 2024 in Lembah Anai, respectively. Within all identified events, the damage occurred in downstream areas. These sites represent the downstream impact zones, whereas the triggering processes originated from the upstream parts of the basins, which are dominated by steep terrain. This upstream to downstream linkage reflects the geomorphic and hydrological connectivity that shapes flash flood development in mountainous catchments.

Substantial differences in basin size and geomorphological characteristics are evident among the Peusangan, Wampu, and Anai basins, as summarized in Table 1. The Wampu Basin is the largest basin, with an area of 4,173.4 km2 and the longest main channel, whereas the Anai Basin is the smallest basin, with an area of 702.6 km2 and the shortest time of concentration. The Peusangan Basin occupies an intermediate position in terms of basin area, main channel length, and hydrological response. These contrasts provide a suitable basis for comparing flash flood dynamics across mountain river systems in the humid tropics.


TABLE 1 Morphometric characteristics and hydrological response indicators of the Peusangan, Wampu, and Anai basins.


	Morphometric parameter
	Peusangan Basin
	Wampu Basin
	Anai Basin

 


	Basic parameters


 	Basin area (A) (km2) 	2571.6 	4173.4 	702.6


 	Basin perimeter (P) (km) 	377.6 	462.1 	163.1


 	Main channel length (Lc) (km) 	152.8 	277.5 	67.6


 	Basin length (Lb) (km) 	156.0 	305.5 	78.1


 	Total stream length (Lu) (km) 	6008.1 	22584.0 	2607.9



	Linear parameters


 	Drainage density (Dd) (km/km2) 	2.34 	5.41 	3.71



	Shape parameters


 	Elongation ratio (Re) 	0.37 	0.26 	0.44


 	Circularity ratio (Rc) 	0.23 	0.25 	0.33


 	Shape factor (Bs) 	9.46 	22.36 	8.68



	Relief parameters


 	Basin relief (H) (m) 	2,859 	3,005 	2,833


 	Relief ratio (Rr) 	0.018 	0.010 	0.036



	Hydrological parameter


 	Time of concentration (Tc) (hour) 	14.8 	28.8 	5.8




 



3 Materials and methods


3.1 Morphometric analysis

Morphometric analysis was conducted to quantify basin parameters including geometry, drainage network structure, relief conditions, and hydrological response indicators in the three study basins. The selected parameters were intended to represent geomorphological characteristics associated with flash flood response, particularly those related to basin shape, drainage network efficiency, and topographic elevation differences. Morphometric indices were used to evaluate the physical characteristics of the basins that are relevant to hydrological response to rainfall, especially in relation to runoff concentration and flow dynamics (Obeidat et al., 2021; Dutal, 2023; Dilip et al., 2025).

Basin boundaries and drainage networks were derived from a 30 m resolution Digital Elevation Model (DEM), which was downloaded from the USGS Earth Explorer and processed in a GIS environment. Basin delineation was carried out using flow direction and flow accumulation analysis with a consistent flow accumulation criterion applied across the three basins. The extracted drainage system was then used as the basis for calculating all morphometric parameters, allowing direct comparison among basins.

Relief conditions were analyzed through basin relief and relief ratio, which represent elevational differences and topographic gradients within each basin. Slope was derived from the DEM using the slope function and classified into five classes, namely flat, gentle, moderately steep, steep, and very steep. Basin hydrological response was further represented by the time of concentration, which was estimated using the empirical Kirpich method. Accordingly, the time of concentration was used as a comparative morphometric indicator of basin response potential, rather than as a direct reconstruction of observed flash flood timing.



3.2 Landslide susceptibility and slope analysis

This analysis was conducted using the official landslide susceptibility zonation map issued by the Centre for Volcanology and Geological Hazard Mitigation, PVMBG, together with a slope map derived from the 30 m resolution DEM. In this study, landslide susceptibility classes followed the PVMBG zonation as provided, which classifies the landscape into four categories: low, moderate, high, and very high. All spatial data were clipped to the boundary of each basin in order to maintain analytical consistency across the three study areas.

Areas classified as high and very high landslide susceptibility were then extracted and overlaid with the slope map. In this study, steep slopes were defined as areas with a slope gradient greater than 25°. The area of overlap between high landslide susceptibility zones and steep slopes was calculated for each basin to identify sectors where slope instability may be more likely.

The spatial relationship between these overlap areas and the drainage network was further examined using river buffers with three distance classes, namely 0 to 100 m, 100 to 500 m, and 500 to 1,000 m. This approach was used to evaluate the spatial proximity between susceptible slope areas and the drainage system as a basis for interpreting slope to channel linkage in each basin. The buffer analysis provided a basin scale proxy for potential slope to channel connectivity, rather than a reconstruction of event specific landslide initiation or sediment delivery during the flood events. Before the overlay and buffer analyses were performed, all spatial layers were processed in a GIS environment through reprojection, clipping, and rasterisation so that they shared a common coordinate system and spatial resolution.



3.3 Land use and hydrological analysis

Land use analysis was conducted using Landsat imagery representing pre event and event year land use conditions in each basin, namely Landsat 5 TM for 2006 and Landsat 8 OLI/TIRS for 2015 in the Peusangan Basin, Landsat 5 TM for 1990 and 2003 in the Wampu Basin, and Landsat 8 OLI/TIRS for 2013 and Landsat 9 OLI 2/TIRS 2 for 2024 in the Anai Basin. The image years were selected according to the timing of the documented flash flood event in each basin, so that land use conditions could be examined within the temporal context of each event. All images had a spatial resolution of 30 m and were processed to produce land use maps for each observation period.

Land use classification was performed using supervised classification with the Maximum Likelihood Classification algorithm. This method assigns each pixel to the class with the highest statistical probability based on the mean vector and covariance matrix of the training samples. Training samples were selected through visual interpretation of homogeneous land cover areas supported by high resolution imagery, with 30 to 45 samples for each class, equivalent to approximately 600 samples in total. Class separability was evaluated on the basis of spectral distribution before classification.

Classification accuracy was assessed using a confusion matrix based on approximately 250 independent validation points selected through stratified random sampling. The evaluation showed that overall accuracy ranged from 84 to 87%, with Kappa values ranging from 0.79 to 0.84.

The resulting land use maps were then clipped to the boundary of each basin and analyzed using a transition matrix derived from the overlay of land use maps from the two observation periods. To evaluate the hydrological implications of land use change, curve number values were calculated spatially in a GIS environment based on the combination of land use classes and hydrological soil groups.

Runoff coefficients and runoff volumes were estimated using the Soil Conservation Service Curve Number (SCS CN) approach as modeled indicators of runoff potential under the selected land use conditions. The standard SCS CN initial abstraction assumption, Ia = 0.2S, was used in the calculation. The estimated runoff coefficients and runoff volumes were interpreted as comparative modeled indicators rather than observed discharge responses. In this calculation, rainfall input was defined as the cumulative event rainfall up to the time of flash flood occurrence and was applied consistently to both the pre event and event year land use conditions within each basin.

The SCS CN approach was used as a parsimonious method to compare runoff potential among basins because it links rainfall, land use, hydrological soil group, and curve number within a simple event based runoff formulation (Soulis and Valiantzas, 2012; Hong et al., 2010). In this formulation, the storage parameter S is derived from curve number values and therefore reflects the selected CN assumptions rather than an independently calibrated basin parameter. Because event scale discharge observations were unavailable, the resulting runoff coefficients and runoff volumes were used as comparative modeled indicators of runoff potential. Hydrogeomorphic processes such as debris flow, sediment bulking, channel blockage, and sediment laden flow were not represented directly in the SCS CN calculation, but were considered separately in the interpretation of slope to channel linkage and flash flood dynamics (Borga et al., 2014; Catane et al., 2012).



3.4 Hydrometeorological analysis

Hydrometeorological analysis was conducted to characterize event rainfall and antecedent wetness conditions before and during the documented flash flood events in the Peusangan, Wampu, and Anai basins. Rainfall estimates were obtained from the Global Satellite Mapping of Precipitation (GSMaP) product developed by the Japan Aerospace Exploration Agency, JAXA. This product provides satellite based hourly rainfall estimates at a spatial resolution of 0.1° × 0.1° and has been widely used in hydrological and climatological studies because it offers spatially and temporally consistent rainfall information in regions with limited rain gauge observations (Li et al., 2024; Wu et al., 2026). In this study, GSMaP was selected because it provides consistent hourly rainfall estimates across the three event years analyzed, thereby allowing event rainfall characteristics to be examined among basins within a common analytical framework.

The reliability of GSMaP was evaluated against available rain gauge observations within the study area. Validation was carried out using seven rainfall stations, namely Malikul Saleh for the Peusangan Basin, Tuntungan for the Wampu Basin, and Padang Pariaman, Kandang IV, Kasang, Paraman Talang, and Canduang for the Anai Basin and its surrounding area. The evaluation was performed at hourly, daily, and monthly time scales using three statistical indicators, namely the Pearson correlation coefficient, percent bias, and root mean square error. The evaluation showed that the hourly correlation coefficient was 0.28, with RMSE of 2 mm/h and PBIAS of −53%. Daily correlation coefficients ranged from 0.20 to 0.31, with RMSE values of 13 to 28 mm/day and PBIAS ranging from −59 to 86%. Monthly correlation coefficients ranged from 0.60 to 0.85, with RMSE values of 83 to 314 mm/month and PBIAS remaining within the same range. These results indicate that GSMaP provides more consistent rainfall estimates at longer temporal scales, while its hourly estimates have greater uncertainty in representing short duration rainfall variability.

Because satellite rainfall products commonly contain systematic bias relative to ground observations, especially during intense rainfall events, GSMaP data were subsequently corrected using the linear scaling method before being used in the event rainfall and API5 analyses (Omay et al., 2025; Mashuri et al., 2025). However, linear scaling reduces systematic bias but does not correct rainfall timing errors or improve temporal correlation. Therefore, the event scale rainfall estimates in this study should be interpreted as bias corrected satellite based estimates with uncertainty at the hourly scale.

Event rainfall characteristics were then analyzed using the bias corrected hourly GSMaP estimates. The analysis focused on three flash flood events, namely 13 September 2015 in the Peusangan Basin, 2 November 2003 in the Wampu Basin, and 11 May 2024 in the Anai Basin. Three main parameters were extracted from these data, namely rainfall intensity at the time of the event, cumulative rainfall during the 6 hours before the event, and cumulative rainfall during the 5 days before the event. The rainfall intensity values reported for each basin were derived from basin averaged bias corrected hourly GSMaP estimates. These values should be interpreted as basin scale satellite rainfall estimates, not as point gauge observations or rainfall from a single GSMaP grid cell at the documented flash flood location. In addition, 24 h hyetographs were constructed for each event to describe the temporal distribution of rainfall, the sequence of rainfall pulses, and the concentration of rainfall accumulation prior to flash flood occurrence. Rainfall intensity classes followed the categories used by the Indonesian Agency for Meteorology, Climatology, and Geophysics, BMKG.

Antecedent wetness conditions were first evaluated using the 5 day Antecedent Precipitation Index, API5, calculated from the bias corrected hourly GSMaP estimates. API was computed following the formulation of Fedora and Beschta (1989), which accounts for the declining influence of antecedent rainfall through a decay constant, as expressed by: API_i = k(API_i-1) + P_i, where API_i is the antecedent precipitation index at time i, P_i is rainfall at time i, and k is the decay constant. To account for uncertainty in the API decay constant, API5 was calculated using four representative k values, namely 0.80, 0.85, 0.90, and 0.95, based on ranges reported in previous API applications (Hong et al., 2010; Li et al., 2021; Li et al., 2026). The same set of k values was applied across the three basins to maintain comparability in the API5 sensitivity assessment. API5 was treated as a rainfall based indicator of antecedent wetness conditions at the basin scale rather than as a direct measurement of soil moisture, and it has been used in hydrological and landslide studies to represent wet conditions before extreme events (Bainbridge et al., 2022). This formulation provides a rainfall based estimate of antecedent wetness, although evapotranspiration, deep percolation, and spatial variation in soil water storage are not explicitly represented.

Antecedent wetness conditions were also complemented by soil moisture data. In the Peusangan and Anai basins, pre event soil moisture conditions were derived from Soil Moisture Active Passive, SMAP, with a spatial resolution of 9 km. In the Wampu Basin, because the flash flood event occurred in 2003, before the SMAP observation period, antecedent soil moisture was represented using ERA5 Land. SMAP and ERA5 Land were used according to the availability of soil moisture products for the respective event years, and the resulting soil moisture information was interpreted within the context of each basin and product. Soil moisture values were then classified into five interpretative classes, namely very dry (0.00 to 0.15), dry to moderate (0.15 to 0.30), wet (0.30 to 0.40), near saturated (0.40 to 0.45), and saturated (>0.45), in order to evaluate the position of flash flood locations relative to the spatial distribution of antecedent wetness conditions in each basin. The near saturated and saturated classes were defined with reference to the concept that runoff response may increase under high antecedent soil moisture conditions (Penna et al., 2011).

Accordingly, the hydrometeorological analysis in this study was built on three complementary components, namely event rainfall, API5, and antecedent soil moisture. These components were used jointly to describe rainfall forcing and antecedent wetness conditions before flash flood occurrence. Event scale discharge measurements were not available for the three documented flash flood events. Ground based soil moisture observations were also unavailable, so antecedent soil moisture was interpreted from SMAP and ERA5 Land products rather than from in situ measurements. Uncertainty also remains because satellite and reanalysis products may not fully resolve convective rainfall cores and local orographic effects in mountainous humid tropical terrain. Because the analysis was conducted at the basin scale, the resulting indicators should be interpreted as basin scale conditions rather than as direct descriptors of event specific contributing areas. The available historical event information did not allow reliable delineation of contributing areas associated with precise upstream initiation zones and flow paths. Consequently, morphometric indicators, modeled runoff estimates, and antecedent soil moisture classes may not fully represent the local conditions within the actual areas that contributed to each flash flood.




4 Results and discussion


4.1 Morphometric characteristics

The morphometric characteristics of the three basins are presented in Table 1. All three basins show elongated shapes, although with clear differences in drainage configuration, relief, and hydrological response potential. In general, morphometric characteristics are important for interpreting basin response to rainfall, particularly through their influence on runoff concentration and flow dynamics (Obeidat et al., 2021; Bashir and Alsalman, 2024).

Drainage network development differs markedly among the three basins. The Wampu Basin shows the highest total stream length and drainage density, whereas the Peusangan Basin has the lowest drainage density among the three basins. These differences reflect variation in branching pattern and flow connectivity, which in turn influence runoff concentration processes. Similar relationships between drainage configuration and basin response have also been reported in humid tropical basins, including those in Indonesia (Indarto and Hidayah, 2019).

Relief characteristics further indicate that all three basins have high topographic energy, but with contrasting slope conditions. The Anai Basin is characterized by steeper terrain, whereas the Wampu Basin is relatively gentler. These differences are relevant to overland flow velocity, as steeper slopes tend to accelerate surface runoff and increase the potential for sediment transport. Such topographic effects are commonly observed in humid tropical mountain basins (Bashir and Alsalman, 2024).

These morphometric differences are also reflected in the variation in time of concentration, which indicates contrasting hydrological response potential among basins. Smaller basins with steeper slopes tend to respond more rapidly, whereas larger basins show a slower response. Overall, these results indicate that basin hydrological response can be interpreted through the interaction between basin shape, drainage network development, and relief conditions, as has also been reported for humid tropical basins elsewhere (Obeidat et al., 2021; Indarto and Hidayah, 2019).



4.2 Landslide susceptibility, slope, and drainage proximity

The spatial distribution of areas with high landslide susceptibility on steep slopes shows clear differences among the three basins (Figure 2). The Peusangan Basin has the largest proportion of overlap area relative to basin area, reaching 28.8%, followed by the Wampu Basin at 18.8% and the Anai Basin at 10.8%. This pattern indicates that areas combining high landslide susceptibility and steep slopes occupy the largest proportional extent in the Peusangan Basin, whereas in the Wampu Basin the overlap area is concentrated mainly in the western to southwestern part of the basin and contributes less to the overall basin area.
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FIGURE 2
 Spatial distribution of high susceptibility zones on steep slopes and their proximity to the drainage network in the Peusangan, Wampu, and Anai Basins.


The analysis of proximity to the drainage network reveals contrasting spatial connectivity among basins. In the Peusangan Basin, almost the entire overlap area lies within 500 m of the river network, with 48.0% located within 0 to 100 m and 50.9% within 100 to 500 m. A similar pattern is observed in the Anai Basin, where 69.8% of the overlap area falls within 0 to 100 m and 30.1% within 100 to 500 m. These patterns indicate that susceptible slope areas in both basins are located close to the drainage network.

In contrast, the Wampu Basin shows a different pattern. Only 13.1% of the overlap area lies within 0 to 100 m of the river network, whereas a substantial proportion is located more than 500 m away, reaching 47.0%. This indicates that many susceptible slope areas in the Wampu Basin are located farther from the river system.

These differences reflect variation in spatial linkage between susceptible slope areas and the drainage network among basins. In the Peusangan and Anai basins, the close proximity between overlap areas and the river network suggests stronger slope to channel linkage. In contrast, in the Wampu Basin, the greater distance between overlap areas and the drainage network suggests lower spatial connectivity. This finding is consistent with the view that spatial proximity between sediment source areas on slopes and the channel network is important for interpreting material transfer efficiency within a basin (Bracken et al., 2015; Heckmann and Schwanghart, 2013).



4.3 Land use and hydrological response

Comparatively, land use change across the three basins shows different magnitudes and directions, with modeled runoff implications that are likewise not uniform. The Peusangan Basin experienced the most pronounced land use change, the Wampu Basin underwent more moderate and directed change, whereas the Anai Basin remained relatively stable. These differences are reflected not only in the changes in land use classes, but also in the spatial distribution of curve number values (Figure 3) and the estimated runoff coefficients and runoff volumes prior to flash flood occurrence. These contrasts were interpreted within the event specific observation period of each basin.
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FIGURE 3
 Spatial distribution of curve number in the Peusangan, Wampu, and Anai basins under pre event and event year land use conditions. The maps show the Peusangan Basin in 2006 and 2015, the Wampu Basin in 1990 and 2003, and the Anai Basin in 2013 and 2024, highlighting differences in modeled runoff potential among the three basins.


In the Peusangan Basin, the most pronounced changes were the decline in shrubland from 32.8 to 8.9%, the increase in mixed dryland agriculture with shrubs from 25.0 to 50.1%, and the increase in settlement area from 0.7 to 2.4%. The two largest transitions were the conversion of shrubland to mixed dryland agriculture with shrubs over 627.7 km2 and the conversion of secondary forest to the same class over 30.3 km2. As shown in Figure 3, the spatial distribution of curve number in 2015 indicates that areas with moderate to high modeled runoff potential became more extensive than in 2006, whereas areas with low curve number decreased. This pattern is consistent with the estimated increase in runoff volume from 82.67 million m3 to 87.91 million m3 and the increase in runoff coefficient from 0.34 to 0.36. These results indicate that land use change in the Peusangan Basin was associated with higher modeled surface runoff potential prior to the flash flood event.

In the Wampu Basin, land use change was more moderate. The three most visible changes were the decrease in shrubland from 3.95 to 0.40%, the increase in plantation forest from 0.40 to 3.89%, and the increase in plantation area from 7.08 to 8.38%. Accordingly, the two most prominent directions of change in this basin were the conversion of transitional vegetation into plantation forest and plantation land. The spatial distribution of curve number in Figure 3 shows that the moderate class remained dominant across most of the basin, while the low class persisted mainly in the western part. This spatial shift was relatively limited, which is reflected in the small change in modeled runoff indicators, with runoff volume increasing only from 253.84 million m3 to 254.66 million m3 and the runoff coefficient from 0.452 to 0.454. Thus, land use change in the Wampu Basin was associated with only a limited change in modeled runoff potential compared with the Peusangan Basin.

The Anai Basin shows the most limited land use change. The three most relevant changes were the decline in dryland agriculture from 24.79 to 14.58%, the increase in shrubland from 1.35 to 7.47%, and the increase in secondary forest from 16.75 to 18.00%. The two main directions of change in this basin indicate a shift from cultivated land toward more semi natural land cover. This pattern is consistent with Figure 3, which shows that the curve number distribution in 2024 remained dominated by low to moderate classes, while high values appeared only in limited locations. As a result, the change in modeled runoff indicators was very small, with runoff volume changing only from 7.96 million m3 to 7.98 million m3 and the runoff coefficient remaining around 0.17. This indicates that, during the observation period, land use change in the Anai Basin was not associated with a substantial increase in modeled runoff potential prior to the flash flood event.



4.4 Hydrometeorological characteristics


4.4.1 Event rainfall and antecedent wetness conditions

The characteristics of event rainfall and antecedent wetness conditions indicate that the three flash flood events developed under a combination of short duration triggering rainfall and basin conditions that had already become wet before the events. In flash flood studies, rainfall occurring within a few hours before the event is particularly important because small to medium sized basins commonly respond rapidly over hourly time scales, while the effect of triggering rainfall becomes stronger when it occurs over a basin that is already wet. In addition, the role of multi day rainfall accumulation before an event has also been reported as an important factor in the development of major floods during extreme rainfall events in South Asia (Marchi et al., 2010; Norbiato et al., 2008).

The API5 sensitivity curves in Figure 4 show that higher k values produced higher API5 estimates and slower antecedent wetness recession, while the temporal pattern of wetness build up remained generally consistent across the tested k scenarios.

[image: Three rainfall and API5 graphs for (a) the Peusangan Basin, (b) the Wampu Basin, and (c) the Anai Basin. Blue bars show hourly rainfall, while a red vertical line marks the time of flash flood occurrence. Four API5 curves represent decay constants k = 0.80, 0.85, 0.90, and 0.95, showing antecedent wetness conditions and the sensitivity of API5 to the selected k values before each flash flood event.]

FIGURE 4
 Hourly rainfall and API5 sensitivity curves prior to the flash flood events in the (a) Peusangan Basin, (b) Wampu Basin, and (c) Anai Basin. Blue bars represent hourly rainfall, the red vertical line indicates the time of flash flood occurrence, and the API5 curves represent values calculated using four decay constants, namely k = 0.80, 0.85, 0.90, and 0.95. The figure highlights differences in short duration triggering rainfall and antecedent wetness conditions among the three basins, while illustrating the sensitivity of API5 to the selected k values.


Based on Table 2, the flash flood in the Peusangan Basin occurred at 16:30 WIB with an event rainfall estimate of 8.1 mm/h. Rainfall accumulated during the 6 hours before the event reached 18.0 mm, whereas cumulative rainfall during the preceding 5 days reached 186.5 mm. The hyetograph and API5 sensitivity curves in Figure 4a show that rainfall had already occurred since 11 September and increased again shortly before the event. This pattern indicates that antecedent wetness conditions had already developed before the triggering rainfall occurred.


TABLE 2 Basin averaged rainfall characteristics during the flash flood events.


	Basin
	Event rainfall (mm/h)
	Event time (WIB)
	6 h rainfall before event (mm)
	5 day antecedent rainfall (mm)

 

 	Peusangan 	8.1 	16:30 	18.0 	186.5


 	Wampu 	11.2 	21:30 	33.4 	114.4


 	Anai 	13.4 	22:00 	54.6 	186.2




 

In the Wampu Basin, the flash flood occurred at 21:30 WIB with an event rainfall estimate of 11.2 mm/h. Rainfall accumulated during the 6 hours before the event reached 33.4 mm, whereas cumulative rainfall during the preceding 5 days reached 114.4 mm. The hyetograph and API5 sensitivity curves in Figure 4b show that rainfall was concentrated within the hours immediately before the event, while antecedent wetness remained evident across the tested k scenarios. This condition reflects a combination of short duration triggering rainfall and high antecedent wetness conditions before flash flood occurrence.

In the Anai Basin, the flash flood occurred at 22:00 WIB with an event rainfall estimate of 13.4 mm/h. Rainfall accumulated during the 6 hours before the event reached 54.6 mm, whereas cumulative rainfall during the preceding 5 days reached 186.2 mm. The hyetograph and API5 sensitivity curves in Figure 4c show that rainfall increased from late afternoon into the evening and coincided with the timing of the event, while API5 remained high prior to flash flood occurrence under the tested k scenarios. This pattern indicates that short duration rainfall and antecedent wetness conditions were present together before the flash flood in the Anai Basin.



4.4.2 Antecedent soil moisture

The analysis of antecedent soil moisture reveals clear differences in the spatial distribution of soil moisture among the three basins before flash flood occurrence (Figure 5). In the Peusangan Basin, the wet class dominates 72.3% of the basin area, whereas the near saturated and saturated classes account for 8.6 and 4.8%, respectively. In the Wampu Basin, antecedent conditions are characterized by extensive near saturated and saturated areas, with the near saturated class covering 73.8% of the basin and the saturated class 20.0%. In contrast, the Anai Basin is dominated by the wet class, which covers 56.7% of the basin area, although the near saturated and saturated classes still occupy substantial proportions, reaching 32.3 and 10.7%, respectively. These patterns indicate that all three flash flood events were preceded by high antecedent soil moisture conditions before event rainfall occurred. In steep basins, antecedent soil moisture conditions of this kind are important for interpreting runoff response under short duration triggering rainfall (Penna et al., 2011; Norbiato et al., 2008; Wasko and Nathan, 2019).

[image: Three color-coded maps display antecedent soil moisture ranges in the Peusangan, Wampu, and Anai river basins. Shades of green, yellow, and red represent increasing soil moisture from 0.15 to above 0.45. Each map includes a red star marking a specific location, basin boundaries, and scale bars. Insets in the lower right of each map show the basin’s location within a broader region. Key features, map titles, and legends are clearly labeled for comparison.]

FIGURE 5
 Spatial distribution of antecedent soil moisture in the Peusangan, Wampu, and Anai basins before flash flood occurrence. The maps show soil moisture classes in each basin, while the insets indicate the flash flood locations in Damaran Baru, Bukit Lawang, and Lembah Anai.


In the Peusangan Basin, shown in Figure 5, soil moisture at the flash flood location in Damaran Baru reached 0.33 before the event, placing it within the wet class. The flash flood location does not coincide with the highest soil moisture zone, but the central to southern part of the basin shows a clear development of near saturated to saturated conditions. This distribution indicates that, although the event location itself was classified as wet, parts of the basin had already reached very wet conditions before the flash flood occurred.

In the Wampu Basin, soil moisture at the flash flood location in Bukit Lawang reached approximately 0.45 before the event, placing it near the boundary between the near saturated and saturated classes. As shown in Figure 5, much of the central part of the basin is dominated by near saturated to saturated conditions, whereas lower soil moisture classes appear only in limited areas in the north. This pattern indicates that the flash flood in the Wampu Basin occurred under antecedent conditions that were already very wet before the triggering rainfall occurred.

In the Anai Basin, shown in Figure 5, soil moisture at the flash flood location in Lembah Anai reached 0.42 before the event, placing it within the near saturated class. The event location coincides with a near saturated zone, while most of the remaining basin is still dominated by the wet class. Saturated conditions are also present, but they are spatially limited to the southwestern part of the basin. Thus, antecedent soil moisture around the flash flood location in the Anai Basin remained high, with a more localized spatial extent within the basin.




4.5 Synthesis of flash flood dynamics

A cross basin analysis of the Anai, Wampu, and Peusangan basins indicates that potential flash flood dynamics in humid tropical environments can be interpreted through the combined information from physical basin characteristics and hydrometeorological conditions. In general, flash flood occurrence in the three basins was not characterized by a single parameter, but by the combination of pre event conditions and triggering rainfall (Wohl et al., 2012; Filho et al., 2021; Salgado and Nájera, 2022).

In this study, the synthesis of flash flood dynamics was developed from six main parameters, namely basin morphometry, high landslide susceptibility zones on steep slopes, land use related modeled runoff potential represented by curve number and runoff coefficient, event rainfall, antecedent wetness conditions, and soil moisture. These six parameters were used to characterize and compare flash flood dynamics across the three study basins. Some of these parameters are also consistent with previous findings from the Tamiang Basin, where antecedent precipitation index and curve number were used to interpret flash flood potential in a humid tropical setting (Azizah et al., 2022).

Morphometric characteristics reveal clear differences in basin physical characteristics and hydrological response potential among the three basins. Variation in drainage density and time of concentration indicates that each basin has a distinct flow configuration. The Wampu Basin has the highest drainage density, at 5.41 km/km2, but also the longest time of concentration, at 28.8 h, whereas the Anai Basin has the shortest time of concentration, at 5.8 h. The Peusangan Basin occupies an intermediate position, with a time of concentration of 14.8 h. These results indicate that morphometric differences help interpret variation in basin response potential (Obeidat et al., 2021; Dutal, 2023).

Slope conditions and landslide susceptibility are reflected in the distribution of areas with high landslide susceptibility on steep slopes and in their proximity to the drainage network. The Peusangan and Anai basins show greater spatial proximity between susceptible slope areas and the river network, whereas in the Wampu Basin many susceptible slope areas are located farther from the channel system. This pattern indicates variation in spatial linkage between susceptible slopes and the drainage network among the three basins, which helps indicate potential slope to channel linkage (Bracken et al., 2015; Catane et al., 2012).

Land use was represented through curve number and modeled runoff indicators. The Peusangan Basin shows an increase in runoff coefficient from 0.34 to 0.36, the Wampu Basin changes only slightly from 0.452 to 0.454, whereas the Anai Basin remains low and relatively stable at around 0.17. These results indicate that land use related modeled runoff potential was not uniform among basins, but it remains an important component for interpreting differences in hydrological response potential (Muñoz-Villers and McDonnell, 2013).

The hydrometeorological factors in this study consist of two components with different roles. Antecedent wetness conditions and soil moisture were interpreted as preconditioning indicators, because both indicate that the basins were already in a wet state before the events occurred. In all three basins, this condition is reflected by high API5 values and by soil moisture classes ranging from wet to saturated. In contrast, event rainfall was interpreted as the triggering component because rainfall occurring within the event timescale preceded flash flood occurrence. These results indicate that the three flash flood events can be understood as rainfall events occurring over basins with high antecedent wetness conditions (Marchi et al., 2010; Norbiato et al., 2008; Borga et al., 2014).

Conceptually, the six parameters can be grouped into two main phases, namely the preconditioning phase and the triggering phase. The preconditioning phase includes basin morphometry, high landslide susceptibility zones on steep slopes, land use represented by curve number and runoff coefficient, antecedent wetness conditions, and soil moisture. The triggering phase is represented by event rainfall. This conceptual framework is summarized in Figure 6 and represents the main contribution of this study, namely the integration of six parameters into a single comparative framework for interpreting flash flood dynamics in humid tropical environments.

[image: Flowchart illustrating flash flood occurrence, showing preconditioning phase factors—morphometry, landslide susceptibility, curve number, antecedent wetness, soil moisture—affected by drainage network, ground movement, slope, hydrologic soil group, and land use, with triggering phase of event rainfall leading to flash flood occurrence.]

FIGURE 6
 Conceptual framework of potential flash flood dynamics in humid tropical environments, showing six key parameters grouped into preconditioning and triggering phases. The framework summarizes the integrated comparative approach developed in this study and provides a basis for preliminary flash flood assessment and disaster risk reduction.


From the perspective of disaster risk reduction, these findings indicate that flash flood assessment is insufficient if it relies only on event rainfall. Instead, a multi parameter approach that considers both preconditioning and triggering information can support flash flood analysis and preparedness in humid tropical regions.




5 Conclusion

This study indicates that potential flash flood dynamics in the Peusangan, Wampu, and Anai basins can be interpreted through the combined information from geomorphological setting, land use related modeled runoff potential, antecedent wetness, antecedent soil moisture, and event rainfall. The three cases indicate that event rainfall alone does not fully characterize flash flood occurrence in humid tropical mountain basins. Instead, the events were associated with preconditioning conditions that reflected basin morphology, slope to channel linkage, land use related modeled runoff potential, antecedent wetness, and soil moisture, while short duration event rainfall represented the immediate triggering component.

The main contribution of this study lies in the integration of six parameters into a comparative framework that distinguishes between preconditioning and triggering phases of flash flood dynamics. This framework provides a comparative basis for interpreting documented flash flood events in humid tropical mountain basins, consistent with the descriptive design and data constraints of the study. The runoff coefficients and runoff volumes should therefore be read as modeled indicators of runoff potential, not as observed flood magnitude. From a disaster risk reduction perspective, the findings suggest that preliminary flash flood assessment in data scarce humid tropical regions should consider both antecedent basin conditions and event rainfall, rather than relying on rainfall information alone.
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